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Dear Sir: 

In response to the November 19, 2002, outstanding office action, 
reconsideration is respectfully requested. 

The rejection of claims 1, 3-7, and 17 under 35 U.S.C. § 103(a) for 
obviousness over WO 97/3 1256 to Barany et al., ("Barany") in view of Jacobson et al., "A 
Highly Sensitive Assay for Mutant ras Genes and its Application to the Study of Presentation 
and Relapse Genotypes in Acute Leukemia," Oncogene 9(2):553-563 (1994) ("Jacobson") is 
respectfully traversed. 

Barany teaches a method for identifying one or more of a plurality of 
sequences differing by one or more single base changes, insertions, deletions, or 
translocations in a plurality of target nucleotide sequences. The method includes a ligation 
phase, a capture phase, and a detection phase. The ligation phase utilizes a ligation detection 
reaction ("LDR") between one oligonucleotide probe having a target sequence-specific 
portion and an addressable array-specific portion, and a second oligonucleotide probe having 
a target sequence-specific portion and a detectable label. After the ligation phase, the capture 
phase is carried out by hybridizing the ligated oligonucleotide probes to a solid support with 
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an array of immobilized capture oligonucleotides, at least some of which are complementary 
to the addressable array-specific portion. Following completion of the capture phase, a 
detection phase is carried out to detect the labels of ligated oligonucleotide probes hybridized 
to the solid support. The ligation phase can be preceded by an amplification process (e.g., 
polymerase chain reaction ("PGR")). Barany does not teach the method wherein after the 
PGR, a second PCR is performed to produce secondary PCR products comprising a 
restriction enzyme site followed by restriction digest and third PCR step. 

Jacobson teaches a method called PCR-Primer Introduced Restriction with 
Enrichment of Mutant Alleles ("PCR-PIREMA") for the detection of mutant ras genes. In 
PCR-PIREMA, the starting sample is amplified by the polymerase chain reaction ("PCR") 
technique using different "matched primers" to specifically amplify one of the known sites of 
mutations in a ras gene. A second PCR is carried out on the primary PCR extension product 
with mismatched "screening" primers to create a restriction endonuclease ("RE") site in the 
secondary extension product. The formation of the restriction site is dependent upon both 
introduced substitution and the normal codon sequence. Therefore, only normal alleles 
contain the introduced restriction site. The secondary extension products are digested with a 
restriction endonuclease recognizing the newly-created RE site, thereby reducing the 
presence of full-length normal sequences in the sample. Next, enrichment of the mutant 
allele population is carried out by subjecting the sample to a third PCR using the "screening 
primer" of the second PCR step, followed by a second restriction digestion, to "enrich" the 
sample for mutant alleles. The sample is subjected to gel electrophoresis, and the full-length 
(digestion-resistant) mutant bands are gel-purified. In an unspecified number of reactions, an 
"additional enrichment" step consisting of a third PCR/RE reaction and digest is carried out 
after the gel purification step. The digestion-resistant band indicates the presence of a mutant 
allele, but does not define the sequence of a mutant allele. To demonstrate that a mutant 
allele was present originally, the gel-purified band is further amplified and digested using the 
same "screening" primer and restriction enzyme as used in the secondary PCR step (i.e., 
"enriched screening). To define the mutation, yet another PCR is performed on the gel- 
purified product using mismatched 'Verification" primers that introduce new restriction sites 
into the PCR products derived from specific mutant alleles, the opposite of the screening 
strategy. The presence of a PCR product that cuts with the verification enzyme confirms that 
a specific mutation is present. 
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Nowhere does Jacobson teach using the ligase detection reaction in 
conjunction with its above-described procedure. Nowhere does Jacobson teach or suggest 
that the steps of the method described therein are useful or capable of being incorporated into 
another detection methodology. 

A proper prima facie showing of obviousness requires the U.S. Patent and 
Trademark Office ("PTO") to satisfy three requirements. First, the prior art relied upon, 
coupled with knowledge generally available to one of ordinary skill in the art, must contain 
some suggestion which would have motivated the skilled artisan to combine or modify 
references. In re Fine, 837 F.2d 1071, 1074, 5 USPQ2d 1596, 1598 (Fed. Cir. 1988). 
Second, the PTO must show that, at the time the invention was made, the proposed 
modification had a reasonable expectation of success. Amgen v. Chugai Pharm. Co., 927 
F.2d 1200, 1208-1209, 18 USPQ2d 1016, 1023 (Fed. Cir. 1991). Finally, the combination of 
references must teach or suggest each and every limitation of the claimed invention. In re 
Wilson, 424 F.2d 1382, 1385, 165 USPQ 494, 496 (CCPA 1970). 

The PTO fails, first of all, to show that the references cited, coupled with the 
knowledge generally available to one of ordinary skill in the art, contain any suggestion or 
motivation to combine or modify the references. Moreover, as demonstrated below, based on 
the accompanying Declaration of Joseph P. Day, Ph.D. Under 37 C.F.R. §1.132 ("Day 
Declaration"), as well as the exhibits referenced therein, it would not have been obvious to 
one skilled in the art to combine the method of Jacobson with a method for identifying one or 
more low abundance sequences differing by one or more single-base changes in a sample 
containing a plurality of target nucleotide sequences. 

A scientist, considering the use of Jacobson's technique in conjunction with a 
method for identifying one or more low abundance sequences differing by one or more 
single-base changes in a sample containing a plurality of target nucleotide sequences, would 
need to know whether the use of that technique achieved an increase in detection sensitivity, 
and if so, whether such increased sensitivity had a detrimental effect (Day Declaration ^ 6). 
As described in greater detail below, the method of Jacobson has a serious shortcoming, in 
particular, a high potential for false positive results, which a skilled scientist would have 
recognized (Id.). Accordingly, there would be no reason to use Jacobson' s technique in 
conjunction with a method for identifying one or more low abundance sequences differing by 
one or more single-base changes in a sample containing a plurality of target nucleotide 
sequences (Zc/.). 
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PCR-PIREMA is described by Jacobson as an "extremely sensitive** method 
of detecting mutant alleles in a biological sample having both normal and, potentially, mutant 
alleles of a particular DNA (Day Declaration ^[ 7). However, what a skilled scientist would 
have appreciated about Jacobson is that in order to reach a detection level of one mutant 
n allele in 1,000,000 normal alleles (1 in 10 6 ) that Jacobson asserts PCR-PIREMA is capable of 
achieving, a single PCR-PIREMA sample, as described above, is subjected to PCR no fewer 
than three times, at least two RE digestion steps, one or more gel electrophoresis steps, and 
one or more gel purification procedures (Id.). These multiple steps make the method of 
Jacobson unattractive for several reasons (Id,). 

Firstly, as described in the instant application (pg. 7, line 9 to pg. 8, line 23) 
and by others, the method of Jacobson is an adaptation of the commonly used PCR-based 
gene analysis technique known as PCR-RFLP (analysis by generation of artificial restriction 
fragment length polymorphisms), which requires repetitive steps to ensure an enrichment for 
allelic variants (Day Declaration ^ 8). Although PCR-RFLP-based protocols achieve a 
relatively high sensitivity for mutant alleles, up to 1 in 10 4 , the literature teaches that this 
method bears an increasing risk of polymerase-borne infidelity as the error rate of Tag or 
other thermostable polymerases is surpassed following repeated cycling (Id.). Errors due to 
infidelity have been found to be introduced early in the PCR process. Therefore, when the 
total number of PCR cycles involved exceeds approximately 70-80 cycles, as in Jacobson, the 
likelihood of error is significant (Id.). The rate of misincorporation is not a problem in most 
PCR systems (Id.). However, when the concentration of the desired DNA is low in the 
starting sample, as is the case in the PCR-PIREMA protocol of Jacobson, misincorporation is 
a serious problem, as acknowledged by Jacobson: 

In theory, another potential pitfall to this method is that after 
enrichment, a digestion resistant band could contain PCR 
products which had misincoiporated a base during 1° or 2° PCR; 
such products might arise because Tag polymerase has a 
misincorporation rate estimated at 1/6000-1/8000 bases. This rate 
does not affect most genetic studies; in the present system, 
however, a misincorporated base would change a normal 
(digestion-sensitive) PCR product into a digestion-resistant 
product, which would then be preferentially enriched during 
subsequent PCR, leading to a false positive digestion-resistant 
band. (Citations omitted.) 

(Id.) 
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As noted above, it was known that mutant-enriched PCR techniques could 
achieve a sensitivity of at least 1 mutant in 10 4 normal cells (Day Declaration ^ 9). However, 
this reported detection sensitivity was questioned in the literature, where it was noted that 
"false-positive results are possible as the error rate of Taq polymerase or other thermostable 
enzymes is surpassed." {Id.). In fact, when a mutant-enriched PCR protocol designed to 
limit false positives was used, one researcher was unable to improve upon the sensitivity of 
the mutation-ligation assay alone, reported to be just one mutant in 200 normal cells (Id.). 
Other scientists noted specifically that PCR-PIREMA is susceptible of error as high as one 
error per 1 0 4 bases under standard PCR conditions, and further modified the method to 
reduce the potential for PCR errors (see discussion of Oshita, below) (Id.). 

A skilled scientist would have recognized that it is no trivial matter to 
introduce an RE site during PCR amplification (Day Declaration K 10); Depending on 
context sequence and the specific base alterations comprising the mutant allele in question, 
mismatch primer extension, as in the case of Jacobson, is required to introduce an RE site 
into a nucleotide if a suitable site is not preexisting. (Id.). Mismatch primer extension is 
more or less difficult depending on the base changes attempted (Id ). Mismatch primer 
extension can produce terrible artifacts, possibly resulting from primer slippage (Id). Most 
artifacts of this variety will result in PCR products that are refractory to RE cleavage (Id.). 
Furthermore, the potential for false positive sequence generation is actually greater than 
described in Jacobson (Id). Jacobson states that the expected rate of error production is one 
base in 8000 for Taq polymerase at best (Id). What is not said, but understood by a skilled 
scientist, is that this error rate exists for each PCR cycle (Id). Consequently, the errors 
accumulate for every cycle that the PCR is performed (Id.). Furthermore, if it is assumed that 
a four-base restriction site is selected to be used in the PCR-PIREMA, then alteration of any 
of these 4 bases would result in a sequence uncleavable by the selected restriction 
endonuclease (Id). Thus, the true false positive rate rises to 1 base in 2000 per cycle (Id.). 
After 20 cycles, the error rate is 1 base in 100, or 1%. After 60 cycles, error products with 
base alterations produced by polymerase misincorporation will have accumulated to comprise 
at least 3% of the PCR product (Id). This problem of error accumulation is reflected in the 
attempts of others to alter PCR MgCh and nucleotide concentrations, presumably to 
minimize the polymerase error (Id). When the mutant allele is present in a sample in low 
abundance, error rates of this magnitude are simply unacceptable (Id). Thus, the PCR/RE 
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technique of Jacobson would have been considered of limited utility to anyone skilled in the 
art {Id). 

In addition, it would have been understood by a skilled scientist that any 
reported "error rate" is actually an average of the polymerase error over a long stretch of 
nucleotides (Day Declaration K 1 1). The error rate at a particular base in a given context 
sequence can be significantly different from the average, often as much as 10-fold different 
{Id), Therefore, it is of paramount importance to minimize the background errors in a PCR 
based assay, particularly in an assay designed for the detection of a low abundance sequence 
in a mixed sample (Id). Otherwise, while the method may work well in particular situations, 
sometimes deceptively well, it will fail catastrophically in others, making the assay unreliable 
{Id). However, at the time Jacobson was published, the only techniques known to help 
minimize error rate involved adjusting nucleotide and MgCk concentrations and/or annealing 
and synthesis times {Id), Thus, an extensive amount of testing was carried out in making the 
present invention to find a reliable method of creating PCR products with the desired RE site 
{Id). This included the determination of PCR extension efficiencies and specificities, with 
and without and mismatch conversion, using analogs and all four natural bases, and the 
testing of various proofreading and non-proofreading polymerases under a variety of buffer 
conditions (Example 7, Table 1 at pg. 49; also see generally Example 17, and Table 4 at pg. 
70) (Id), Without this information, a method such as the RE step of Jacobson was 
understood by a skilled scientist to be unreliable, and would not have been considered 
transferable to another method for identifying one or more low abundance sequences 
differing by one or more single-base changes in a sample containing a plurality of target 
nucleotide sequences (Id). 

Other sources of false positives during PCR amplification include cross- 
contamination of reagents and PCR product carryover (Day Declaration 1) 12). Carryover 
problems arise due to the fact that a single PCR cycle produces very large numbers of 
amplifiable molecules that can potentially contaminate subsequent amplifications of the same 
target sequence (Id). It is particularly important to avoid carryover when the number of 
target molecules relative to other molecules in the sample is small, which is almost 
universally the case when detecting mutant molecules in a mixed DNA sample (Id). Because 
PCR amplification is exponential, false positives are exponentially increased with every 
additional PCR step (Id). A typical completed PCR has approximately 10 13 molecules of 
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DNA per ml, making even an inadvertent transfer of a small volume of an unamplified 
sample quite serious (Id,). For example, even a 0.01 jil carryover of a sample with 10 13 

Q ft 

molecules of DNA per ml contains 10 molecules of DNA; 10 molecules of DNA carried 
over into a new PGR reaction and further amplified poses a significant risk to the validity of 
the PCR results (Id). Thus, it would have been clear to a scientist that using the multiple 
PCR/RE steps taught by Jacobson introduced the potential for significant detection error, 
which required burdensome validation experiments, additional internal controls, and costly 
repetition to ensure the validity of the results (Id.). A skilled scientist would have understood 
that a reproducible signal does not guarantee a reliable result (Id.). 

In Jacobson, the sensitivity of the assay appears to be improved when a gel 
electrophoresis step is added following two rounds of PCR/RE/digest, and before a final 
PCR/RE/digest is carried out (Day Declaration \ 13). However, gel electrophoresis and the 
subsequent gel purification steps are laborious and time-consuming (Id.). More importantly, 
they also provide numerous opportunities for introducing DNA contamination into the assay 
(Id.). Aerosolization of samples, well- well leaking, and carry-over from pipette tips and the 
razor blade(s) used to excise the gel bands are all potential sources of contamination (Id.). 
Because the gel purified sample is subsequently subjected to one or more additional PCR 
steps ("additional enrichment") in Jacobson, any DNA contamination resulting from the gel 
electrophoresis and purification steps will be subject to an exponential increase in the ensuing 
reactions (Id.). Therefore, although Jacobson indicates that the gel purification step increased 
sensitivity in some instances, a skilled scientist would have been aware that these steps, in 
and of themselves, add a significant risk of false positives (Id.). In other words, with or 
without the gel steps, false positives are a problem inherent in the method of Jacobson. 
Furthermore, the gel steps did not predictably increase assay sensitivity (Id.). This is most 
likely because 1) it is difficult to control the multiple sources of contamination in the gel 
electrophoresis and purification steps and 2) DNA contamination arising at the gel steps is 
exponentially increased in the subsequent PCR step(s), producing variations in detection 
sensitivity from one experiment to the next (Id.). This lack of reliability would have been 
recognized by a skilled scientist, and, coupled with the potential of Jacobson for generating 
false positives, would have led a scientist to view Jacobson as unsuitable for use in 
conjunction with a method for identifying one or more low abundance sequences differing by 
one or more single-base changes in a sample containing a plurality of target nucleotide 
sequences (Id.). 
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The myriad of pitfalls of Jacobson have not gone unnoticed by the scientific 
community (Day Declaration ^ 14). The method of Jacobson, even as later modified in Mills 
et aL, "Detection of K-ras Oncogene Mutations in Bronchoalveolar Lavage Fluid for Lung 
Cancer Diagnosis," J. National Cancer Institute 87(14):1056-1060 (1995) ("Mills IT'), 
attached to the Day Declaration as Exhibit 10, was contemporaneously criticized as 
"suffering] from certain statistical limitations and selection bias, which do not allow us to 
accurately ascertain the potential clinical impact of these assays." (Id.). In discussing the ras 
mutation studies of Mills et al., Birrer goes on to note that there were problems associated 
with this type of assay, including "technical obstacles that need to be overcome to develop an 
assay that is both sensitive and specific at detecting the marker of interest." Birrer, M J., 
"Translational Research and Epithelial Carcinogenesis: Molecular Diagnostic Assays Now- 
Molecular Screening Assays Soon?" J. National Cancer Institute 87(14): 1041-1043 (1995) at 
pg. 1041, para, bridging left and rt cols. ("Birrer"), attached to Day Declaration as Exhibit 9). 
According to Birrer, as detection assays become increasingly sensitive, involving more cycles 
of PCR amplification and enrichment, the possibility of artifactual mutation in PCR-RFLP 
increases (Day Declaration f 14). In addition, because the error rate of Taq polymerase is 
one error per 1 0 4 bases, Tagr-induced mutations are a concern (Id.). As discussed above, 
polymerase mutations can arise due to misincorporation, leading to the amplification of false 
positives in the sample (Id.). 

Furthermore, the fact that the Jacobson method of detection was problematical 
is made abundantly clear in two journal articles, of which Jacobson is a co-author, that 
followed the publication of Jacobson: Mills et al., "Increased Prevalence of K-ros Oncogene 
Mutations in Lung Adenocarcinoma," Cancer Research 55:1444-1447 (1995) ("Mills I") 
attached to the Day Declaration as Exhibit 6 and Mills II (Day Declaration 15). In Mills I, 
the PCR-PIREMA method of Jacobson for the detection of mutant ras-genes was followed, 
with some "important modifications" in the PCR steps, including the decrease in the 
nucleotide and MgCk concentrations and lengthened annealing and synthesis times (Id.). In 
addition, the gel purification step was eliminated, which simplified the procedure but 
decreased the sensitivity of the assay (Id.). Mills II followed the modified procedure 
described in Mills I, taking, in addition, "extensive measures" to avoid cross-contamination 
of the PCR samples (Id.). All of these subsequent modifications to the method of Jacobson 
indicate that the method was so susceptible to error that the changes were required to make 
the assay practical and reliable (Id.). In fact, in the effort to produce a reliable assay, it 
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appears that Mills et al. abandoned the high-sensitivity version of the PCR-PBREMA 
protocol, given that the mutation detection level of the modified version of Jacobson taught 
by Mills I-H is just 0. 1 % (Mills I at pg. 1444, rt col.,- 2nd full para,), i.e., 1 000-fold less 
sensitive than originally reported (Id.). This level of detection was already available in a 
number of other methodologies in use at the time (Id). Thus, neither the original method of 
Jacobson, fraught with the potential for false positives, nor the method of Jacobson as 
modified by Mills I-II, provided any apparent benefit over other known methods for 
identifying one or more low abundance sequences differing by one or more single-base 
changes in a sample containing a plurality of target nucleotide sequences (Id.). 

Thus, it would have been clear to a skilled scientist that by adding multiple 
PCR/RE steps, along with one or more electrophoresis and gel purification steps as taught by 
Jacobson, a mutation detection sensitivity of 1 in 10 6 in a mixed DNA sample was 
theoretically possible (Day Declaration If 1 6). However, the cost of this theoretical level of 
detection sensitivity was high: the additional steps were cumbersome, and more importantly, 
the method was subject to false positives due to contamination, carry over, and, in particular, 
polymerase error (Id.). This potential "cost" was too high to be suitable for inclusion in an 
assay in which a very small amount of error can destroy the reliability and accuracy of the 
procedure {Id.). Furthermore, the repeated PCR/RE steps and the need for gel purification 
make the method of Jacobson unsuitable for adaptation to a large-scale automated screening 
process (Id.). By eliminating the gel steps and modifying the PCR protocol as taught by 
Mills I-H, Jacobson could be streamlined, however, in doing so, the sensitivity of the assay 
was reduced to 1 in 10 3 , and the method still required multiple PCR amplification steps and at 
least two RE digestions, presenting the same issue with regard to potential for polymerase 
error and a high rate of false positives (Id.). 

Therefore, based on all the above, a skilled scientist would have concluded 
that adding an RE step to a PCR-based DNA mutation detection methodology would not 
provide any measurable benefit with regard to increased sensitivity over other DNA mutation 
detection methods known at the time, and furthermore, carried with it the very real potential 
for false positives (Day Declaration Tf 1 7). In an assay in which a very small amount of error 
can destroy the reliability of the procedure, this would have been an unacceptable risk (Id.). 
Thus, there would have been no reason to use Jacobson' s technique, modified or unmodified, 
in conjunction with a method for identifying one or more low abundance sequences differing 
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by one or more single-base changes in a sample containing a plurality of target nucleotide 
sequences (Id.). 

Thus, for all the reasons described above, a skilled scientist would not have 
been motivated to combine Jacobson with Barany, let alone had a reasonable expectation of 
success in doing so. 

Accordingly, the rejection of claims 1, 3-7, and 17 for obviousness over 
Barany in view of Jacobson is improper and should be withdrawn. 

The rejection of claim 2 under 35 U.S.C. § 103(a) for obviousness over 
Barany in view of Jacobson and further in view of Day et al., "Detection of Steroid 21- 
Hydroxylase Alleles Using Gene-Specific PCR and a Multiplexed Ligation Detection 
Reaction," Genomics 29:152-162 (1995)("Day") is respectfully traversed. 

Day discloses a method utilizing gene-specific PCR amplification in 
conjunction with thermostable DNA ligase to discriminate single nucleotide variations in a 
multiplexed ligation detection assay in which fluorescent or radioactive ligation products are 
detected by electrophoresis on denaturing acrylamide gels. Since Day does not overcome the 
deficiencies of Barany and Jacobson with regard to claim 1 , the combination of Barany, 
Jacobson, and Day cannot form a proper basis for the rejection of claim 2. 

Therefore, the rejection of claim 2 for obviousness over Barany in view of 
Jacobson and Day is improper and should be withdrawn. 

The rejection of claims 8 and 10-16 under 35 U.S.C. § 103(a) for obviousness 
over Barany in view of Jacobson and U.S. Patent No. 5,859,221 to Cook et al. ("Cook") is 
respectfully traversed. 

Cook discloses sugar-modified oligonucleotides and oligonucleotide analogs 
useful as therapeutics, diagnostics, and research agents. Cook does not teach or suggest using 
nucleotide analogs in "[a] method for identifying one or more low abundance sequences 
differing by one or more single-base changes, insertions, or deletions from a high abundance 
sequence, in a sample containing a plurality of target nucleotide sequences." 

Because Cook does not overcome the deficiencies of Barany and Jacobson, the 
rejection of claims 8 and 10-16 over Barany in view of Jacobson and Cook is improper and 
should be withdrawn. 

The rejection of claim 9 under 35 U.S.C. § 103(a) for obviousness over 
Barany in view of Jacobson, Cook, and Day is respectfully traversed, because Day does not 
overcome the above-noted deficiencies of Barany, Jacobson, and Cook. Therefore, this 
rejection of claim 9 is improper and should be withdrawn. 
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The rejection of claims 1 , 2, 5-7, and 17 under 35 U.S.C. § 103(a) for 
obviousness over Belgrader et al., "A Multiplex PCR-Ligase Detection Reaction Assay for 
Human Identity Testing," Genome Science Technology l(2):77-87 (1996) ("Belgrader") in 
view of Jacobson is respectfully traversed. 

Belgrader teaches a coupled multiplex PCR-LDR assay to type single base 
variations at 12 biallelic loci, giving a power of discrimination of 1.1.2 x 10 5 . Since 
Belgrader' s assay is similar to Barany's, the rejection over Belgrader in view of Jacobson is 
improper for substantially the same reasons noted above for the rejection over Barany in view 
of Jacobson. Accordingly, the rejection of claims 1, 2, 5-7, and 17 over Belgrader in view of 
Jacobson is improper and should be withdrawn. 

The rejection of claims 8, 9, and 12-16 under 35 U.S.C. § 103(a) for 
obviousness over Belgrader in view of Jacobson and Cook is respectfully traversed for 
substantially the reasons noted above. Therefore, this rejection of claims 8, 9, and 12-16 is 
improper and should be withdrawn. 

In view of all of the foregoing, applicants submit that this case is in condition 
for allowance and such allowance is earnestly solicited. 



Date: Oe.UVAAW SLO<P> 



Respectfully submitted, 

L\A A Ml 

Michael L. Goldman 
Registration No. 30,727 



NIXON PEABODY LLP 
Clinton Square, P.O. Box 31051 
Rochester, New York 14603-1051 
Telephone: (585)263-1304 
Facsimile: (585)263-1600 
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Sin 

1. JOSEPH P. DAY, hereby declare that 

I_ I received a PhD. in Biophysics from the University of California, San 
Francisco, in 1993. 

2. I am currently a Senior Bioinformatics Scientist at Applied 
Biosystems, Foster City, CA. 

3. I am a co-inventor of the above-identified patent application. 

4. This declaration is submitted to demonstrate that the mutant gene 
detection method described in Jacobson et aL, "A Highly Sensitive Assay Fot Mutant ras 
Genes And Its Application To The Study of Presentation And Relapse Genotypes m Acute 
leukemia," Oncogene 9:553-563 (1994) ("Jacobson"), would not have been viewed by a 
skilled scientist as a technique suitable for use in conjunction with a method for identifying 
one or more low abundance sequences differing by one or more single-base changes in a 
sample containing a plurality of target micleotide sequences. 
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5. I am familiar with Jacobson, which teaches a method called PCR- 
Primer Introduced Restriction with Enrichment of Mutant Meles C^CR-PIREMA") for the 
detection of mutant ras genes. In PCR-PIKEMA, the starting sample is amplified by the 
polymerase chain reaction ("PCR") technique using different "matched primers" to 
specifically amplify one of the known sites of mutations in a ray gene, A second PCR is 
carried out on the primary PCR extension product with mismatched Screening* primers to 
create a restriction endomiclease ("RE") site in the secondary extension product The 
formation of the restriction site is dependent upon both introduced substitution and the 
normal codon sequence. Therefore, only normal alleles contain the introduced restriction 
site. The secondary extension products are digested with a restriction cndonuclease 
recognizing the newly-created RE site, thereby reducing the presence of full-length normal 
sequences in the sample. Next, enrichment of the mutant allele population is carried out by 
subjecting the sample to a third PCR using the *%creenins primer" of the second PCR step, 
followed by a second restriction digestion, to "enrich 7 * the sample tor mutant alleles. Hie 
sample is subjected to gel electrophoresis, and the full-length (digestion-resistant) mutant 
bands ate gcl-purifie<L In an unspecified number of reactions, an "additional enrichment" 
step consisting of a third PCR/RE reaction and digest is carried out after the gel purification 
step. The digestion-resistant band indicates the presence of a mutant allele, but does not 
define the sequence of a mutant allele. To demonstrate that a mutant allele was present 
originally, the gel-purified band is further amplified and digested using the same "screening" 
printer and restriction enzyme as used id the secondary PCR step (Le., ^enriched screening). 
To define the mutation, yet another PCR is performed on the gel-purified product using 
mismatched "verification" primers that introduce new restriction sites into the PCR products 
derived from specific mutant alleles, the opposite of the screening strategy. The presence of 
a PCR product that cuts with the verification enzyme confirms that a specific mutation is 
present. 

6. A scientist, considering the use of Jacobson's technique in conjunction 
with a method for identifying one or more low abundance sequences differing by one or more 
single-base changes in a sample containing a plurality of target nucleotide sequences, would 
need to know whether the use of that technique achi eved an increase in detection sensitivity, 
and if so, whether such increased sensitivity had a detrimental effect As I will describe in 
greater detail below, die method of Jaoobson has a serious shortcoming, in particular, a high 
potential for false positive results, which a skilled scientist would have recognized. 
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Aceordingly, there would be no reason to use Jacobson's technique in conjunction with a 
method for identifying one or more low abundance sequences differing by one or more 
single-base changes in a sample curtaining a plurality of target nucleotide sequences- 

7. PCR-PIREMA is described by Jacobson as an ^extremely sensitive" 
me&od of detecting mutant aUeles in a biological 

potentially, mutant alleles of a particular DN A (Jacobson, pg. 555, left col., 2nd fuJl para.). 
However, what a skilled scientist would have appreciated about Jacobson is that in order to 
reach a detection level of one mutant allele in 1,000,000 MnnalaUelesO in 1 0 6 )fha^ 
Jacobson asserts PCR-PIREMA is capable of achieving, a single PCR-PIREMA sample, as 
described above, is subjected to PGR no fewer than three times, at least two RE digestion 
steps, one or mote gel electrophones steps, and one or more gel purification procedures 
(Jacobson, para, bridging pp. 557-559). These multiple steps make the method of Jacobson 
unattractive for several reasons. 
False Positives A Know* Problem in Repetitive PCR 

8. Firstly, as described in my application (pg. 7, line 9 to pg, S, line 23) 
and by others, the method of Jacobson is an adaptation of the commonly used PCR-based 
gene analysis technique known as PCR-RFLP (analysis by generation of artificial restriction 
fragment length polymorphisms), which requires repetitive steps to ensure an enrichment for 
allelic variants (see, eg., Behn et aL, "Facilitated Detection of Oncogene Mutations from 
Exfoliated Tissue Material ByPJNA-mediated 'Enriched PCR* Protocol," J. Pathology 
190:69-75 (2000), pg. 69, 2nd full para., ("Behtf *), attached hereto as Eriribit 1). Althougi 
PCR-RFLP-based protocols achieve a relatively high sensitivity for mutant alleles, up to 1 in 
10 4 , the literature teaches that this method bears an increasing risk of polymerase-borne 
infidelity as the error rate of Tag or other thermostable polymerases is surpassed following 
xepeated cycling. {Id., sec also Abrendt et al., "Molecular Detection of Tumor Cells in 
Broachoalveolar Lavage Fluid firom Patients with Early Stage Lung Cancer," 1 National 
Cancer Institute 91(4):33M39, atpg. 337, 2nd foil para, (1999) CAhrariO, attached hereto 
as Exhibit 2), Enx>rs due to infid^ 

process. Therefore, when the total number of PCR cycles involved exceeds approximately 
70-80 cycles, as in Jacobson, the likelihood of error is significant (Jacobson at 559, left coL, 
l rt full para.). The rate of xnisincorporation is not a problem in most PCR systems. However, 
when the concentration of the desired DNA is low in the starting sample, as is the case in the 



PCR-PIREMA protocol ofJacobson, xmsincotporatian is a serious problem, as acknowledged 
byJaoobson: 

In theory, another potential pitfall to this method is that after 
enrichment, a digestion resistant bawl could contam PGR 
products which had mishwrporated a base during 1° or 2 P PCR; 
such products might arise because Taq polymerase has a 
taisinooiporation rate estimated at 1/6000-1/8000 bases. This tate 
does not affect most genetic studies; in the present system, 
however, a inismcorpoi^ted base would change a a0Ijn ^ 
(digestion^ensitive) PCR product too a digeation^resistant 
product, which would then be preferentially enriched during 
subsequent PCR, leading to a false positive digestion-resistant 
band. (Citations omitted.) 

Jacobson at 559, rt coL, 1st fuU para* 

9, As noted above, it was known that nratant-enriched PCR techniques 
could achieve a detection sensitivity of at least 1 mutant inlO 4 normal cells (Ahrendt at pg. 
337, 2nd full para., citing, among others, the K-ras mutation assay of Jacobson). However, 
this reported detection sensitivity was questioned by Ahrendt, which goes on to say that 
"raise-positive results are possible as the error rate of Taq polymerase or other thermostable 
enzymes is sinpassed.'* (Id.). In feet, when a mutant-enriched PCR protocol designed to 
limit false positives was used, Ahrendt was unable to improve upon the sensitivity of the 
mutation-Ugation assay alone, reported to be just one mutant in 200 normal cells (Id*), Other 
scientists noted specifically that FCR-FIREMA is susceptible of error as high as one error per 
10 4 bases under standard PCR conditions (Oshita et al., ''Detection of K-ras Mutations of 
Bronchoalveolar Lavage Fluid Cells Aids the Diagnosis of Lung Cancer in Small Pulmonary 
Lesions, Clinical Cancer Research 5:617-620, (1999) at pg. 619, rigbtt col,, 1* fuU para. 
(Oshita 77 ), attached hereto as Exhibit 3) and thither modified the method to reduce the 
potential for PCR errors {see discussion of Oshita in % 14, below). 

10. A skilled scientist would have recognized that it is no trivial matter to 
introduce an RE site during PCR amplification. Depending on context sequence and the 
specific base alterations comprising the mutant allele in question, mismatch primer exrensiorx, 
as in the case of Jacobson, is required to introduce an RE site into a nucleotide if a suitable 
site is not preexisting. Mismatch primer extension is more or less difficult depending on the 
base changes attempted (Day et al., "Nucleotide Analogs Facilitate Base Conversion with 3* 
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Mismatch Primers," Nucleic Acids Res. 27(8):l810-8 (April 15, 1999) ("Day I"), attached 

hereto as Exhibit 4; and Day ct al^ Nucleotide Analogs and New Buffers Improve a 
Gcnmtoed Method to Enrich for Low Abundance Mutations^ Nudeic Acids Res* 
27(8):1819-27 (April 15, 1999) ("Day IT)* attached hereto as Exhibit 5). Mismatch primer 
extension can produce terrible artifacts, possibly resulting from primer slippage. Most 
arufects ofthis variety wffl result m 

Furtherxruwe, the potential for raise positive sequence generation is actually greater than 
described in Jacobson. Jacobson states that the expected rale of error production is one base 
in 8000 for Taq polymerase at best (Jacobson at 599, right col, 2nd full para.). What is not 
said, but understood by a skill ed scientist, is that this error rate exists for each PCR cycle. 
Consequently, the errors accumulate for every cycle thai the PCR is performed. Furthermore, 
if it is assumed that a four-base Ttstriction site is selected to be used in the PCR-PIRJBMA, 
then alteration of any of these 4 bases would result in a sequence uncleavable by the selected 
restriction endonucfease. Thus, the true false positive rate rises to 1 base in 2000 per cycle. 
After 20 cycles, the error rate is 1 base in 100, or 1%. After 60 cycles, error products with 
base alterations produced by polymerase mi$inc*>rpGration will have accumulated to comprise 
at least 3% of the PCR product. This problem of error accumulation is reflected in the 
attempts of others to alter PCR MgCfc and nucleotide concentrations (Mills et aL, "Increased 
Prevalence ofK-nzy Oncogene Mutations in Lung Adenocararaoma*" Cancer Research 
55: 1444-1447 (1995) ("Mills I") at pg 1444, rt. 2nd Ml para., attached hereto as Exhibit 6), 
pi^esumably to minimize the polymerase error {also see generally Ling LL, et aL, 
"Optimization of the Polymerase Chain Reaction With Regard to Fidelity: Modified 17, Taq, 
and Vent DNA Polymerases," PCR Methods Appl l(l):63-9 (1991) CLing"), attached hereto 
as£riiibit7). When the mutant allele is present in a sample in low abundance, error rates of 
this magnitude are simply unacceptable. Thus, the PCR/RE technique of Jacobson would 
have been considered of limited utility to anyone skilled in {heart 

1 L In addition, it would have been understood by a skilled scientist that 
any reported u exror rate" is actually an average of the polymerase error over a long stretch of 
nucleotides. The error rate at aparticular base in a given context sequence can be 
significantly different from the average, often as much as 10-fold different. Therefore, it is of 
paramount importance to minimize the background errors in a PCR based assay, particularly 
in an assay designed for the detection of a low abundance sequence in a mixed sample. 
Otherwise, while the method may work well in particular situations, sometimes deceptively 
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wcll, it will fail cataswphically in others, making the assay unreliable. However, at the time 
Jacobson was published, the only techniques known to help minim ize error rate involved 
adjusting nucleotide and Mg&i concentrations and/or annealing and synthesis times (e.g., 
Mills 1 at pg. 1444, rt col, 2^ full para.). Thus, an extensive amount of testing was carried 
out in the making of my invention to find a reliable method of creating PGR products with 
the desired RE site. This included the detemnnation of PGR extension efficiencies and 
specificities, with and without and mismatch conversion, using analogs and all four natural 
bases, and the testing of various proofreading and non-proofteading polymerases under a 
variety of buffer condition* (Example 7, Table 1 at pg 49; also see generally Example 17, 
and Table 4 at pg. 70). Without this information, a method such as the RE step of Jacobson 
was understood by a skilled scientist to be unreliable^ and would not have been considered 
transferable to another method for identifying one or more low abundance sequences 
differing by one or more single-base changes in a sample containing a plurality of target 
nucleotide sequences. 

12. Other sources of false positives during PCR amplification include 
exoss^ntamination of reagents and PCR product carryover. Carryover problems arise due 
to the feet mat a single PCR cycle produces very large numbers of amplifiable molecules that 
can potentially com v arninate subsequent amplifications of the same target sequence (Kwok et 
al. f "Avoiding Fake Positives with PCR," Nature 339:237-238, correction in Nature 339:490 
(1989), at 237, 2nd full para, CKwok")* attached hereto as Exhibit 8), Ms particularly 
important to avoid carryover when the number of target molecules relative to other molecules 
in the sample is smalt (Id.), which is almost universally tbe case when detecting mutant 
molecules in a mixed DNA sample. Because PCR amplification is exponential, false 
positives are exponentially increased with every additional PCR step. A typical completed 
PCR has approximately 10 13 molecules of DNA per ml, making even an inadvertent transfer 
of a small volume of an unamplified sample quite serious. For example, even a 0.01 jil 
carryover of a sample with 10 J3 molecules of DMA per ml contains 10 8 molecules of DNA; 
10 s molecules of DNA carried over into a new PCR reaction and further amplified poses a 
significant risk to the validity of the PCR results. Thus, it would have been clear to a scientist 
that using the multiple PCR/RE steps taught by Jacobson introduced the potential for 
significant detection error, which required burdensome validation experiments, additional 
internal controls, and costly repetition to ensure the validity of the results. A skilled scientist 
would have understood that a reproducible signal does not guarantee a reliable result 
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13. In Jaeobson, the sensitivity of the assay appears to be improved when a 
gel decdx5phortsi3 Step is added following two rounds of PCR^KE/digest, and before a final 
PCR/REAfigcst is carried out (Jaeobson at pg, 559, lines 9-12). However, gel electrophoresis 
end the subsequent gel purification steps are laborious and tims^nsurnhig. More 
importantly, they also preside numerous opportunities for inttodiidng DNA contamination 
into trie assay, Acrosolization of samples, well-well leaking, and cany-over from pipette tips 
and the razor blade(s) used to extis e the gel bands are all potential sources of ccrataminatiori. 
Because the gel purified sample is subsequently subjected to one or more additional PGR 
steps ("additional enrichmenf*) in Jaeobson, any DNA coniammation resulting from the gel 
electrophoresis and purification steps will be subject to an exponential increase in the ensuing 
reactions. Therefore, although Jaeobson indicates that me gel purification step increased 
sensitivity in some instances (Jaeobson at 559, left coL, lines 9-1 1), a skilled scientist would 
have been aware that these steps, in and of themsdves, add a significant risk o f false 
positives, tn other words, with or without the gel steps, false positives are a problem inherent 
in the method of Jaeobson. Furthermore, the gel steps did not predictably increase assay 
sensitivity (I<L, describing improved sensitivity as occatring "often* 4 .) This is most likely 
because 1 ) it is difficult to control the multiple sources of contamination in the gd 
electrophoresis and purification steps and 2) DNA contaniination arising at the gel steps is 
exponentially increased in the subsequent PGR step(s), producing variations in detection 
sensitivity from one experiment to the next. This lade of reliability would have been 
recognized by a skilled scientist, and, coupled with the potential of Jaeobson for generating 
false positives, would have led a scientist to view Jaeobson as unsuitable for use in 
conjunction with a method for identifying one or more low abundance sequences differing by 
one or more single-base changes in a sample containing a plurality of target nucleotide 
sequences. 

14. The myriad of pitfalls of Jaeobson have not gone unnoticed by the 
scientific conrmunity. The method of Jaeobson, even as later modified in Mills H (see 
discussion below in % 15), was contemporaneously criticized as "suffering] from certain 
statistical Kmitations and selection bias, which do not allow us to accurately ascertain the 
potential clinical impact of these assays*" Birrer, MJ., "Translational Research and 
Epithelial Carcinogenesis: Molecular Diagnostic Assays Now-Molecular Scceerung Assays 
Soon?** Jl National Cancer Institute 87(14); 1041-1043 (1995) at pg. 1041, para, bridging left 
and it cols. ("Birrer"), attached hereto as Exhibit 9). In discussing the ras mutation studies 
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of Mills et al., Birrer goes on to note that there were problems associated with this type of 
assay, including "technical obstacles that need to be overcome to develop an assay that is 
both sensitive and specific at detecting the marker of interest" (Id at pg. 1041 , it coL, 1 st 
fullpanu). According to Birrer, as detection assays become increasingly sensitive, involving 
more cycles of PCR amplification and enrichment, the possibility of artifectual mutation in 
PCR-KFL? increases (Id. at pg. 1042, 1st full para.). In addition, because the error rate of 
Taq polymerase is one error per 10* bases, Tb^-induced mutations are a concern (Id., see also 
Oshata at pg 619, right col., 1* full para.). As discussed above, polymerase mutations can 
arise due to irosincorporation, leading to the amplification of false positives in the sample. 

Modification of Jacobson Raises Issue of Usefulness and Reliability 

IS. Furthermore, the fact that the Jacobson method of detection was 
problematical is made abundantly clear in two journal articles, of which Jacobson is a co- 
author, that followed the publication of Jacobson: Mills I (Exhibit 6), and Mills et al^ 
♦^Detection of K-ms Oncogene Mutations in Bronchoalveolar Lavage Fluid for Lung Cancer 
DiagnosiC /, National Cancer Institute 87(14)a056-1060 (1995) ('"Mills IT 1 ), attached 
hereto as Exhibit 1 0). In Mills I, the PCR-PHUEMA method of Jacobson for the detection of 
mutant ras-genes was followed, with some **important modifications" in the PCR steps, 
including the decrease in the nucleotide and MgC^ concentrations and lengthened annealing 
and synthesis times (Mills I at pg. 1444, it coL t 2nd full para.). In addition, the gel 
purification step was eliminated, which simplified the procedure but decreased the sensitivity 
of the assay. Mills II followed the modified procedure described in Mills I, taking, in 
addition* "extensive measures" to avoid cross-contamination of the PCR samples (Mills n, 
pg. 1057, it coL, 5th full para,). All of these subsequent modifications to the method of 
Jacobson indicate that the method was so susceptible to error that the changes were required 
to make the assay practical and reliable. In fact, in the effort to produce a reliable assay, it 
appears that Mills et at abandoned the hi^i-sensitivity version of the PCR-PIREMA 
protocol, given that the mutation detection level of the modified version of Jacobson taught 
by Mills HI is just 0-1% (MiUs I at pg. 1444, rt coL, 2nd full para.), Le. 5 1000-fold less 
sensitive than originally reported. Tins level of detection was already available in a number 
of other methodologies in use at the time (see e.g. w Jacobson, at 557, last para., over to pg. 
559, naming several references in which 1 : 1 0 s to 1 :1 0 4 detection sensitivity was obtained). 
Thus, neither the original method of Jacobson, fraught with the potential for false positives, 
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aor the method of Jacobson a$ modified by Mills I-D, provided any apparent benefit over 
other known methods method for identifying one or more low abundance sequences differing 
by one or mote single-base changes in a sample containing a plurality of target nucleotide 
sequences. 

1 6. Thus, it would have been clear to a skilled scientist thai by adding 
multiple PGR/RE steps, along with One or more electrophoresis and gd purification steps as 
taught by Jacobson, a mutation detection sensitivity of 1 in 10* In a mixed DNA sample was 
theoretically possible (Jacobson at 557-559, bridging para.). However, the cost of this 
theoretical level of detection sensitivity was high: the additional steps were cumbersome, and 
more importantly, the method was subject to £d$e positives due to contamination, carry over, 
and, in particular, polymerase error. This potential "cost" was too high to be suitable for 
inclusion in an assay in which a very small amount of error can destroy the reliability and 
accuracy of the procedure Furthermore, the repeated PCR/RE steps and the need for gel 
purification make the method of Jacobson unsuitable for adaptation to a large-scale 
automated screening process. By eliminating the gel steps and modifying the PCR protocol 
as taught by Mills T-IT, Jacobson could be streamlined, however, in doing so, the sensitivity of 
the assay was reduced to 1 in 10 3 , and the method Still required multiple PCR amplification 
steps and at least two KE digestions, presenting the same issue with regard to potential for 
polymerase error and a high rate of false positives. 

17, Therefore, based on all the above, a skilled scientist would have 
concluded that adding an RE step to a PCR-based DNA mutation detection methodology 
would not provide any measurable benefit with regard to increased sensitivity over other 
DNA mutation detection methods known at the time, and furthermore, carried with it the very 
real potential for false positives, hi an assay in which a very small amount of error can 
destroy the reliability of the procedure, this would have been an unacceptable risk. Thus, 
there would have been no reason to use Jacobson' s technique, modified or unmodified, in 
conjunction with a method for identifying one or more low abundance sequences differing by 
one or more single-base changes in a sample containing a plurality of target nucleotide 
sequences. 

18. 1 hereby declare that all statements made herein of my own knowledge 
are true; and further that these statements were made with the knowledge that willful false 
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statements and the like so made are punishable by fine or foprisemment, or both, under 
Secti on 1 001 ofTMe 1 8 of the United States Code and that any such, willful false statements 
may jeopardize the validity of die application or any patent issued thereon. 
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Abstract 

An 'enriched polymerase chain reaction (PCR)' protocol has been established for the sensitive 
detection of oncogene mutations In body flWd samples from cancer patients. Thb fcnronstcp 
protocol combuus an aUele-spedfic PCR damping step followed by a PCR-RFLP (restriction 
frtgment lenf^ a nested POR 

technique starting directly from genomic DNA material and, in no more than 54 PCR cycles, 
stBe^ the sati^ of one mutant aOde in 10 s nonnal alleles. This protocol was tested 

on broiicfahd cytology samples and sputum taken from kmg cancer patients and point mutations 
could be detected both in eedon 12 of K-w and in three endons (248, 249, and 273) of the pS3 
gene. Comparing this protocol with a different /enriched PCR^^ 

RFLP steps, a high concordance was noted between the two methods. Although the present 
protocol seems to be less sensitive py Approximately one order of magnitude, H b rauA easkr to 
perform and thus could be applied to the rapid but seiisitiTe detection of allelic snbf racrJons In a 
population of eclb derived from exfoliative materiaL Copyright © 2000 John Wiley & Sons, ted. 

Keywords; PCR damping; PNA; PCR-RFLP; *enriched PCR'; rar> p53] lung cancer 



Introduction 

Activating point mutations of the ros and p53 type can 
be used as genetic markers to screen for the presence of 
neoplastic cells in a number of different body fluids 
[1,2]. This has been largely facilitated by the develop- 
ment of 'enriched' PCR methods, which arc able to 
distinguish between wild-type and mutant alleles and 
which also provide a high degree of sensitivity to detect 
a few mutant alleles in a large excess of normal DNA 
[3,4]. The high frequency of activating K*ras and p53 
mutations found in most solid tumours, and the fact 
that a large percentage of these are found within a 
relatively small number of so-called 'hot spot* posi- 
tions, has encouraged the development of PCR 
techniques which focus on these areas of interest and 
at the same time provide a high degree of sensitivity 

[5] 

To date, two PCR-based techniques have been most 
commonly used: aiiele-specific PCR, also referred to as 
PCR- ASA (altele-specific amplification), which directly 
aims at the selective amplification of mutant alleles [<g, 
and PCR-RFLP (analysis by generation of artificial 
restriction fragment length polymorphisms), which 
requires repetitive steps to ensure an enrichment for 
allelic variants [4,7-9], PCR-ASA has been shown to 
provide reasonable sensitivity for mutant sequences in 
the range of 1-0.01% of the total DNA, but is 
restricted to the analysis of individual codon-specific 



mutations and requires several aUek-spe^ihc Oligo- 
nucleotides in the analysis of each codon to cover all 
mutations in a given position [10]. PCR-RFLP avoids 
the necessity for multiple alJete-specmc primers by 
working with mismatch primers which generate a 
palindromic sequence around the codon to be analysed 
in all wild-type alleles, which can then be cut by the 
appropriate restriction enzyme. Alleles with mutations 
in any of the first two triplet positions of the codon 
examined, however, stay digestion-resistant and can 
thus be separated in a subsequent agarose gel electro- 
phoresis. To allow a mutation-selective enrichment, the 
digested PGR product is then subjected to repetitive 
rounds of PCR-RFLP, thus yielding a high sensitivity 
for mutant alleles up to > 0.01% of the total number of 
amplified DNA alleles [4]. Although PCR-RFLP-based 
protocols ensure a relatively high sensitivity, this 
method bears an increasing risk of Tag polymerase- 
borne infidelity as soon as the total number of PCR 
cycles involved exceeds approximately 70-&0 cycles, 
depending on the Tag enzyme used and the presence of 
additional 'proof-reading' (3' to 5 1 exonuclease) activity 
in the assay [U], Due to the number of repetitive PCR 
steps, RFLP-based 'enriched' PCR is tnnc-consuming 
and has not therefore been applicable for routine 
clinical analysis. 

More recently, the mutation-sensitive hybridization 
profile of peptide nucleic acids (PNAs) has been 

exploited to design protocols that allow the suppres- 
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sion of normal genomic sequences during amplification 
(referred to as PCR clamping) [12-14]. PNAs are 
oligonucleotide mimics containing a peptide instead of 
a ribose-phosphatc backbone, which bind strongly and 
sequence specifically to complementary DNA strands 
by Watson-Crick hydrogen bonding [15-17]. In PCR 
clamping, a PNA oligomer binds to a target wild-type 
sequence and due to its inability to serve as a primer, 
blocks amplification of a DNA fragment confined by a 
pair of two externally located DNA oligonucleotide 
primers. Id the case of a single-base mismatch, the 
DNA/FNA duplex is significantly destabilized, which 
allows strand elongation from a bound DNA oligomer 
to proceed, resulting in ^ detection of PCR frag- 
ments, most of which harbour the variant allele. PNA- 
directed PCR clamping can thus be a useful alternative 
for selective allele enrichment. A difficulty of this 
technique, however, is tbe fact that the allelic status of 
resulting PCR products cannot be distinguished except 
by time-consuming methods such as the sequencing of 
purified DNA fragments. 

In the present study, we therefore took advantage of 
the allele-spccifio discriinination of PNAs, which we 
combined with a second (diagnostic) PCR step 
according to the PCR-RFLP technique. This method 
was termed CASE-PCR (combined allele-spcrific 
enriched PCR), according to the different character of 
each PCR step performed and the additive mutant 
selective effect achieved by this method. We applied 
this protocol to the specific enrichment of fragments 
mutated in several 'hot spot* regions of either the K-m? 
or the p53 gene, which are frequently altered by codon* 
specific mutations in different types of human cancer. 
Our protocol ensures a comparatively high sensitivity, 
but also provides reliable detection of wild-type and 
mutant fragments in a single two-step reaction of no 
more than 54 PCR cycles, starting from genomic 
material 

Materials and methods 

Cell lines, tissue source, and DNA preparation 

DNA from cell lines NC1-H1573 and NCI-H2009 
harbouring either a homozygous p53 codon 248 
mutation (NCI-H1573) or a heterozygous K-w 
codon 12 and pS3 codon 273 mutation (NCI-H2009) 
was extracted as previously described [11], Cytology, 
bronchial lavage, and sputum samples had been 
collected during routine bronchoscopy at the Neukdlln 
Hospital Berlin and, for the analysis, had been treated 
as previously described [11]. 

DNA and PNA oligonucleotides 

Oligonucleotide primers used in the prcamplification 
and detection step were identical to those described by 
Behn et at [11] PNA oligonucleotides were obtained 
from TIB MolBiol (Berlin, Germany) and used as 
described by Thiede et al. [13] and Behn and 



Schuermann [18]. In each case, the nucleotide sequence 
was identical to the non-coding strand of the wild-type 
allele and was chosen so that a 15-nucleottde segment 
around the 'hot spot* mutation she was covered: 

PNAK12-3: HjN-TACGCCACCAGCTCC-CON 2 H 
PNA248-9: H2N-GGGCCTCCGGTTCAT-CON2H 
PNA273: H 2 N-ACAAACACGCACCTOCON 2 H 

PNA-PCR parameters (prcamplification) 

A 266 bp product spanning K-w exon 1 was amplified 
using primers K-ras 5' and K-ras 3' and PNAK12-3 
(illustrated schematically m Figure 1). For p53 muta- 
tion analysis, a 647 bp DNA fragment containing exon 
7 of the genomic p53 was amplified using the primers 
p5 and p8 with PNA248-9 and a 350 bp fragment 
containing exon 8 was amplified using the primers p7 
and p2 with PNA273 (see Figure 1). The PCR 
clamping reaction was performed according to Thicde 
et al [13] and tested under conditions described 
previously [18,19]. Each reaction was performed in a 
volume of 25 ul, consisting of buffer [25 mM TAPS 
(pH9.3), 50 mM KC1, 1.5 mM MgCl 2 and 1 mM DTT], 
02 mM of each dNTP, 50 ng of DNA, 25 pmol of each 
primer, 75 pmol of PNA, 3,75% glycerol (7.5% glycerol 
in the case of PNAK12-3), and 1 unit of ELONGase® 
(Gibco BRL). To prevent non-specific polymerization 
prior to thermal cycling, hot start was performed by 
5min preheating at 94°C. The PCR itself was 
performed over 24 cycles with the Mowing conditions: 
60 s at 94°C; 60 s at 73°C (PNA248-9) or, alternatively, 
at 68 6 C (PNAs K12-3 and 273); 60 s at 54 D C; and 120 s 
at 72 9 C. The additional 68"C/73*C step was chosen in 
order to allow preferential annealing of the PNAs to 
DNA. 

Purification of PCR products 

DNA fragments resulting from tbe first amplification 
were purified by centrifugation through quick spin 
columns (QlAquick PCR Purification Kit; Qiagen). 
The samples were then diluted 1 : 100 to 1 :300 and 2 jd 
was taken for the PCR-RFLP analysis. 

PCR-RFLP analysis 

This step followed a previously described protocol [11]. 
Two microlitres of diluted preamplified products of the 
first step was amplified over 30 cycles in a volume of 
50^1 containing the following buffer components: 
60 mM Tris-S0 4 (pH9.I), 18 mM (NH^SO* 1.5 mM 
MgCl 2 i 0.2 mM of each dNTP, 25 pmol of each primer 
and, 2 Units of Taq DNA polymerase (Boehringer 
Mannheim). The following primer combinations were 
chosen (sequences described in ref, II); Kl2Mva and 
K12as-i for the detection of K-ras codon 12 muta- 
tions; primers 248CspI and as24x or 249Bsu36I and 
as24x to detect p53 codon 248 and codon 249 
mutations, respectively; and primers 273MluI and p8 
for the detection of mutations in p55 codon 273. 
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Detection of K-ras mutations (exon 1) 
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Detection of p53 "hot spot" mutations (exon 7, 8) 



Pre-omplif (cation step 



Ok*24a,249 
3E 



PNA24S-9 



MTbpPGR 
product 
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Figure 1. Schematic representation of the primers and PNAs used in the anal/fit. (A) Location of primer* and PNAs used in the 
analysis of K-ras; (B) primers and PNAs used in the detection of p$3 lesions. The exon-introo structure of (he genes is shown (not 
to scale), with exons given in boxes. Arrows indicate primer positions; the name of the primer is indicated above or below. The 
position of the PNAs is indicated by a bar. The primer pairs used in the PCR damping step (primers and PNAs for first PCR) and the 
subsequent PCR-RFLP step (primers for PCR-RFLP) are listed below, along with the size of the expected and of the digested PCR 
products 



Endonuclease digestion of PCR-RFLP products 

Fivc-microKtre aliquots of the PCR-RFLP reaction 
were digested with 25 Units of the following respective 
enzymes. These were for K-ras codon 12: Mval 
(Bochringcr Mannheim); for p53 codon 248: Qpl 
(Stratagcnc); for p53 codon 249: Bsti56l (Stratagene); 



and foip53 codon 273: MM (Boehringer Mannheim). 
The digestion was performed for 3 h in a total volume 
of 25 ul under conditions recommended by the supplier 
(PCR reaction components were ignored); 20 ul of the 
digestion products was electrophorcscd through a 3% 
cthidium bromide stained Nu Sieve** Agarose gel 
(Biofcym, FMC Rockland). 
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Sequence analysis 

For sequence analysis, PCR products were purified 
from agarose gels and sequenced according to standard 
'cycle sequencing' protocols using an ABI PRISM 377 
sequencing automate (Applied Biosystcms), AmpU Taq 
DNA polymerase, and an ABI Prism Dye Terminator 
Cycle Sequencing Ready Reaction Kit according to the 
manufacturer's protocol 



Results and discussion 

The enriched PCR protocol designed comprises two 
PCR steps, a first step Involving a mutation-selective 
PNA oligonucleotide and conventional DNA primers 
intended to prcamplify genomic material containing 
variant alleles of interest (shown schematically in 
Figure 1). The mutant-enriched PCR products are 
then reampHfied using nested primers, one of which 
covers the site of mutation and generates a polymorph- 
ism recognized by a restriction cndonuclease of choice 
(diagnostic PCR-RFLP step). Subsequent digestion 
will then allow the separation of all wild-type frag- 
ments by gel electrophoresis* 

To test for the feasibility of the CASE-PCR 
protocol, we analysed DNA containing naturally 
occurring K-ras or p53 mutations in distinct *hot 
spot* positions. To allow comparison with previously 
established PCR-RFLP protocols, all exon-specific 
DNA primers for the preamplification of genomic 
rnaterial and the mismatch primers for the verification 
of K-w mutations in codon 12 and p53 mutations in 
codons 248, 249, and 273 were taken as previously 
described 111]. PNA concentrations and clamping 
conditions were initially tested for each individual 
oligomer and optimized as described in the Materials 
and methods section. Wc observed annealing of PNAs 
and specific clamping in a range between 70 and 76°C 
for PNA 248-9 and 64 and 70°C for PNAs KI2-3 and 



273. We determined the optimal PNA concentration to 
be around 38 (im (equivalent to 75 pmol per reaction). 

With a limitation of 24-30 amplification cycles, the 
first step revealed specific PCR products of varying 
intensities, most of which were barely visible in 
ethidhun bromide-stained gels (Figure 2, top panel). 
The second PCR-RFLP step then yielded PCR 
products of comparable intensities which were either 
completely digested, in the case of wild-type status, or 
digestion-resistant, in the case of a given K-ras or p33 
'hot spot* mutation (Figure 2, bottom panel). The 
sensitivity of the combined PCR protocol was then 
tested by diluting DNA from a ceil line harbouring a 
K-ras codon 12 or p53 codon 24$ mutation into DNA 
from a cell line with wild-type status. Figure 3 shows 
that the two-step protocol allowed the detection of up 
to one mutant allele in 10 3 wild-type alleles. Using a 
PCR-RFLP-based protocol consisting of four steps 
and a total of 102 PCR cycles, the same DNA dilution 
experiment revealed a sensitivity of approximately 1 
allele in 10* (Figure 3, lower panel). Thus, the 
combined enriched PCR was approximately ten times 
less sensitive, although samples with a content of up to 
0.1% mutant K-ras alleles could still be clearly 
distinguished from DNA containing only wild-type 
alleles (Figure 3). An analogous experiment in the 
absence of PNA probes revealed a limit of only 5% 
mutant K-ras alleles (Figure 2). We therefore estimate 
the specific enrichment effect of the PCR clamping step 
to be about 50-fold. Comparable sensitivities were 
obtained when PNAs 248-9 and 273 were used, 
designed to suppress the amplification of p5S frag- 
ments with wild-type status around these positions. 

Wc next analysed archival brush cytology material 
taken from 20 patients with bronchoscopically appar- 
ent lung cancer, which had been examined previously 
with respect to mutations occurring in cither K-ras 
codon 12 or different pS3 'hot spot* positions [1 \]. The 
results are shown in Figure 4. As the quality of DNA 
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p$3 codon 248 
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PCR-RFLP 
step 

- PNA 
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Figure 2. Allele-specific PNA cUmping and subsequent detection by RFLP analysis. DNA from a cell tine harbouring a homozygous 
K*ras codon 1 2 or p53 codon 248 mutation was diluted into DNA from a cell line with wild-type K-ras (p53) status to yield 200 ng 
of genomic DNA per vial. Top: example of reaction products after 24 cycles of PNA damping. Bottom: reaction products after 
PCR-RFLP (total of 48 cycles) either in the presence or in the absence of specific PNA. Lane I. mutant cell line, no dilution: fan* 2. 

diluted 1 : 10; lane 3. ( : JO* lane i I ;5 x I0 3 ; lane 5, 1 : Iff; lane 6, 5 x I0 3 ; lane 7, negative control 
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Figure 3. Serial dilution experiment comparing the sensitivity of 
CASE-PCR [tap) and enrichment by repetitive PCR-RFLP 
(bottom). ONA from a cell line harbouring a homozygous 
K-ros codon 12 mutation was diluted into ONA from a cell line 
with wfld-cypt frftis Status at the following concentrations: lane 
I, no dilution: lane 2. diluted 1:1b 2 ; lane 3, 1:10 s ; fane 4 t 
1 :3 x I0 3 ; lane 5, I :S x I0 3 ; feme 6, 1 : 9 x 10'; line 7, control 
without addition. CASE-PCR involved 54 cycles; 'mutant 
enriched* PCR-RFLP a total of 102 ampRfieation cycles; To 
increase the proof-reading activity in both cases, die starting 
PCR was performed with ELONGasa™, a, mix which consists of 
Taq and fyraaxaa spedeS GB-D therrnOStablfe DNA poty** 



merases 



was known to vary in these samples compared with 
DNA derived from cell lines, we obtained different 
amounts of final product. In all eases, however, we 
noticed a preponderance of mutant allele amplification 
m relation to wild-type fragments, showing the 
suppressive character of added wild-type complemen- 
tary PNAs in the reaction. While nearly all lanes reveal 
digested PCR fragments indicative of wild-type allclo- 
status. a limited number of digestion-resistant frag- 
ments are clearly separated. In all cases, a previous 
analysis of the PCR products before restriction diges- 



tion (data not shown) and a respective control (DNA 
of a mutation-harbouring cell line diluted 1 : Mr) had 
been performed in parallel to ensure that amplification 
and digestion steps were not technically limiting. 

The PNA-bascd mutant allele enrichment allowed us 
to detect five mutations ra the K-ras gene at codon 12, 
while eight mutations were found in the p53 gene at 
codons 24$ (2), 249 (3), and 273 (3). Thus, a total of 13 
mutations were detectable in cytology samples derived 
from eight patients (summarized in Table 1). When 
compared with the results obtained by an 'enriched* 
PCR-RFLP protocol previously applied, we found that 
the majority of lesions could be confirmed by our 
method (Table 1). Particularly when sequencing the 
digestion-resistant fragments, we found that all muta- 
tions detected by allele-specific clamping were also 
identical to those which had been found by the 
enriched PCR-RFLP approach, This result therefore 
underscores the reliability of our combined PCR 
protocol. A disadvantage was seen only with respect 
to the sensitivity of the method. We found only 13 
mutations by CASE-PCR, while 19 lesions had been 
detected using repetitive PCR-RJFLP-based enrich- 
ment. This can likely be attributed to the lower 
sensitivity of the current protocol, as most of the six 
mutations missed had become detectable only after 
three rounds of PCR-RFLP. 

Finally, sputum samples derived from 23 lung cancer 
patients were examined using the combined enriched 
PCR method (summarized in Table 2). This time, we 
were able to detect five K-ras codon 12 mutations and 
three p53 missense mutations occurring in codons 248, 
249, and 273. Of eight lesions detected in this way, 
seven could be confirmed by analysis of lavage samples 
taken during bronchoscopy. As can be deduced from 
Tabic 2, in seven of eight cases the site of detection 
correlated with the site of tumour location, suggesting 
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Figure 4. Analysis of 20 cytology samples for DNA containing K-rqs or p53 'hot spot' mutation*, CASE-PCR was performed as 
illustrated in Figure I, waiting with a 24-cyde PCR clamping reaction and subsequent nested PCR amplification over 30 cycles. 
Subsequent gel electrophoresis dearly separate* residual wild-type allele* from enriched resm'erfon-rcsistant mutant forms (running 
as retarded bands). C = DNA derived from a cell line containing, the respective K-ra; gr pS3 point mutation in at Icaic <?n« aHeJe; 
M = molecular DNA marker 
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Table I, Detection of K-fOS and p53 mutations in brush cytology specimens by CASfcVPCR and mutant enriched 1 
PCK-RFLP 



CASE PCR 



Sample K-n» 



NO. 



I 

2 
3 
4 
5 
6 
7 
8 
9 
10 
It 
12 
13 
H 
IS 
16 
17 
16 
19 
20 

Total 



codon 12 codon 249 codon 249 codon 273 



CGG-CTG 



GGT-»GTT 



CGT-*CTT 
AGG-^AGC CGT-^CAT 

AGG->AGC 



GGT^GTT 



GGT->GTT 
GGT-GCT 



CGT -CTT 



CGG->TGG 



GGT^GTT 



AGG-*AGC 



'Mutant enriched' PCft-ftFLP 



p53 



hVw — — 

codon 12 codon 248 codon 249 codon 273 



CGG^CTG CGT-CAT 

CGG->CAG CGT->CTT 

GGT->GTT AGG->AGC CGT-+CAT 

AGG-AGC 



GG7->GTT CGG-+CTG 

GGT-»GTT 
GGT->GCT 

CGG^CTG 
CGG-*TGG 

GGT-+GTT 



AGG->AGC 



CGT-CTT 



A<5G-*AGC 
AGG-*AGC 



13 5 



19 



Table 2. Consistent detection of K*as and pS3 muta- 
tions in lavage and sputum samples from lung cancer 
patients 

Lavage 



Patient 
No. 


Tumour 
localization 


Sputum 


Right tide 




1 


RUL 


pSX 248 




K-ras, 12 


2 


RUL 








3 


RMB 


K-ras, 12 


K-ras, 12 




4 


LMB 








5 


LLL 








6 


LMB 








7 


RML 


Km*, 12 


12 




e 


LUL 


p53,249 


p53,249 


p53,249 


9 


RUL 


K-ras. 12 


K-ras. 12 




10 


IUI 








ti 


LUL 


K-ras, 12 




K-rai 12 


12 


RUL 








13 


MuMlocular 








14 


LM& 








IS 


LUL 








16 


LUL 








17 


RUL 


pS3. 273 


p53, 273 


P53.273 


18 


LMB 








19 


RMB 








20 


RMft 








21 


RMB 








22 


RUL 






ICras. 12 


23 


LMB 









RM&«=ri£\t main brondiu* KULwnjt* upper lobe RML=right middle 
tebc LMS-Irt main bronchus: LUL = left uppiw lobe: LLL-left fov«r 
lobe. 



that the mutations arose within the tumour cell mass. 
By sequence analysis we could also confirm that all 
digestion-resistant fragments harboured missense 
mutations in the respective codon (data not shown)* 
Although sputum is thought to contain only a fraction 
of cells derived from the respiratory epithelium, which 
are at the same time of lower etiological quality than 
material obtained by lavage or bronchial brushing, the 
material is still sufficient to allow tumour-related DNA 
analysis. In this respect, we suggest that the CASE- 
PCR protocol might even provide a sensitive and 
additional method to look for distinct oncogene lesions 
in sputum obtainable by noninvasive methods. 

From the results obtained so far, we conclude that 
CASE-PCR is a technically reliable method to screen 
for single codon oncogene mutations, with a suffi- 
ciently high sensitivity to account for low abundance 
alleles. Since it comprises only two PCR steps 
resembling a 'nested PCR\ the protocol is much mote 
rapid than conventional *enrichod' PC3fc*RFI4^ The 
limitation to two successive PCR steps (48-54 PCR 
cycles) significantly reduces the risk of ^-polymerase 
borne errors and at the same time allows a larger panel 
of samples to be processed for mutational screening. 

Recently, a similar technique was described based on 
the combination of PNA clamping and allclc-specific 
PCR [10]. While this method is even more sensitive, the 
ASA step requires a larger collection of allclc-specific 
primers to cover all possible mismatches in each 
individual codon to be examined, which limits the 
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number of 'hot spot 1 positions that can be analysed. 
Moreover, different sequence-specific primer-template 
combinations occur in each case vfhich need subtle 
adjustment of PCR conditions, The use of PNAs in the 
reaction generally offers the advantage to examine 
allelic mutations in several hot-spot positions (e.g. K- 
nu, codons 12 and 13; p53 f codons 248 and 249), as 
long as these are covered by one PNA molecule. The 
combination with a second different PCR step in both 
protocols substantially improves the diagnostic impact 
since non-specific false-positive PCR products are 
avoided, similar to the benefit of 'nested PCR* proto- 
cols. In addition, we took care to allow DNA 
amplification to proceed over 24-30 PCR cycles, such 
as to ensure the gradual accumulation of a faint but 
specific PCR wild-type product in each case, despite the 
presence of 75 pmol of PNA in the reaction. This 
product could thus serve as an internal standard for 
efficient DNA amplification (see Figures 2 and 3). As 
stated earlier [1 1], the type of restriction enzyme chosen 
and the excessive amounts added in the reaction 
ensured a complete digest within 3 h. A disadvantage 
in our view, however, Is the relatively small difference in 
size of digested and non-digested DNA fragments, 
which despite the use of high-resolution agarose gels 
(Nu Sieve* 0 Agarose, Figure 4) makes it difficult to 
distinguish clearly both types of alleles. The use of 
poryacryiamide gels in this respect, combined with 
semi-automatic silver stain detection as applied more 
recently, did improve the discrimination of resulting 
DNA fragments but also amplified the signal of residual 
non-digested material due to improved sensitivity (data 
not shown). The overall benefit of this technique 
therefore remains questionable. While potential 
improvements remain to be tested, we nevertheless 
think that CASE-PCR in its present form already offers 
a practicable approach to allow more rapid diagnostic 
screening of a broader range of samples derived from 
exfoliative tissue material. 
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Molecular Detection of Tumor Cells in Bronchoalveolar 
Lavage Fluid From Patients With Early Stage 
Lung Cancer 

Steven A. Ahrendt, John T. Chow, Li-Hua Xu, Stephen C Yang, 

Clous F. Eisenberger, Manel Esteller, James G. Herman, Li Wu, P. Anthony Decker, 

Jin Jen, David Sidransky 



Background: Conventional cytologic analysis of sputum is an 
insensitive test for the diagnosis of non-small-cell lung can- 
cer (NSCLC), We have recently demonstrated that polymer- 
ase chain reaction (PCR)-based molecular methods are more 
sensitive than cytologic analysis in diagnosing bladder can- 
cer. In this study, we examined whether molecular assays 
could identify cancer cells in bronchoalveolar lavage (BAL) 
fluid. Methods: Tumor-specific oncogene mutations, CpG- 
island methylation status, and microsatellite alterations in 
the DNA of cells in BAL fluid from 50 consecutive patients 
with resectable (stages I through Ilia) NSCLC were assessed 
by use of four PCR-based techniques. Results: Of 50 tumors, 
28 contained a p53 mutation, and the identical mutation was 
detected with a plaque hybridization assay in the BAL fluid 
of 39% (11 of 28) of the corresponding patients. Eight of 19 
adenocarcinomas contained a K-ras mutation, and the iden- 
tical mutation was detected with a mutation ligation assay in 
the BAL fluid of 50% (four of eight) of the corresponding 
patients. The pi 6 gene was methylated in 19 of 50 tumors, 
and methylated pi 6 alleles were detected in the BAL fluid of 
63% (12 of 19) of the corresponding patients. Microsatellite 
instability in at least one marker was detected with a panel 
of 15 markers frequently altered in NSCLC in 23 of 50 tu- 
mors; the identical alteration was detected in the BAL fluid 
of 14% (three of 22) of the corresponding patients. When all 
four techniques were used, mutations or microsatellite insta- 
bility was detected in the paired BAL fluid of 23 (53%) of the 
43 patients with tumors carrying a genetic alteration. Con- 
clusion: Although still limited by sensitivity, molecular diag- 
nostic strategies can detect the presence of neoplastic cells in 
the proximal airway of patients with surgically resectable 
NSCLC. |J Natl Cancer Inst 1999;91:332-91- 



Lung cancer is the leading cause of cancer-related deaths 
among both males and females in the United States (I). It was 
estimated that more than 170000 new cases of primary lung 
cancer would be diagnosed in this country in 1998 and that more 
than 160000 people will die of the disease (I). Surgical resec- 
tion remains the most effective form of treatment for non-small- 
cell lung cancer (NSCLC); however, at the time of diagnosis, 
more than 65% of all patients will have advanced disease that is 
no longer amenable to curative therapy. In addition, a large 
percentage of patients undergoing surgical resection ultimately 
die of recurrent NSCLC, demonstrating the frequent presence of 
occult metastatic disease at the time of diagnosis (2), Attempts to 
improve lung cancer survival have focused on eliminating the 



cause (cigarette smoking), preventing the disease in high-risk 
groups (chemoprevention trials), diagnosing the disease at an 
early curable stage, and developing new adjuvant and neoadju- 
vant protocols. Each of these strategies has met with limited 
success. 

Conventional cytologic analysis of sputum has not improved 
overall survival when added to a screening program of annual 
chest radiography for the early diagnosis of lung cancer (3,4). 
Molecular techniques have identified tumor-specific oncogene 
mutations in cytologically negative sputum samples obtained 
from patients before the diagnosis of lung cancer (5). However, 
the impressive sensitivities achieved by molecular techniques in 
this series were obtained in patients with dysplasia found by 
cytologic analysis of sputum. 

In the present study, we examined the frequency of tumor- 
specific oncogene mutations, CpG-island methylation status, 
and microsatellite alterations in 50 consecutive, prospectively 
collected bronchoalveolar lavage (BAL) samples from patients 
with resectable NSCLC. 

Materials and Methods 

Sample Collection 

Primary tumor, blood, and BAL fluid were collected prospectively from 50 
consecutive patients undergoing surgical resection of NSCLC by a single sur- 
geon at The Johns Hopkins Hospital or the Johns Hopkins Bayview Medical 
Center, BAL fluid was collected during flexible bronchoscopy performed at the 
time of pulmonary resection. Lavage was performed after guiding the broncho- 
scope into the segmental bronchus of the pulmonary lobe most likely to contain 
the tumor on the basis of earlier bronchoscope and/or radiographic evaluation. 
Aliquots of 20 mL of warm saline were injected into the lobe until a volume of 
at least 30 mL was collected in a specimen trap. The BAL fluid was then 
transported to the laboratory on ice and centrifuged at 1800g for 10 minutes at 
4 °C. The cell pellet was then collected and stored at -80 °C. Lymphocytes were 
collected from blood and used as a source of normal DNA. Tumor samples were 
promptly frozen at -80 °C after initial gross pathologic examination. 

This research protocol was approved by the Joint Committee on Clinical 
Investigation of The Johns Hopkins School of Medicine in accord with an 
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assurance filed with the U.S. Department of Health and Human Services. Written 
informed consent was obtained from all patients. 

Pathologic stage was determined by the revised International System for Stag- 
ing Lung Cancer (6). Tumors were classified as peripheral, parenchymal, or 
central on the basis of preoperative radiographic studies, bronchoscopic or op- 
erative findings, and pathologic analysis. Peripheral tumors were located at or 
within 1 cm of the visceral pleura. Central tumors were visible on bronchoscopy 
or involved the main lobar bronchus upon pathologic examination. The remain- 
ing tumors were classified as parenchymal. 

Portions of the primary tumor were cut into 7-u.m sections, stained with 
hematoxylin-eosin, and examined by light microscopy. Additional 12-ujm sec- 
tions were cut and placed in a mixture of 1% sodium dodecyl sulfate and 
proteinase K (0.5 mg/mL) at 48 °C overnight. Tumors with a low neoplastic 
cellularity (<70%) were further microdissected to remove contaminating normal 
cells. The BAL cell pellet was also digested in 1% sodium dodecyl sulfate/ 
proteinase K. (0.5 mg/mL) as described above. DNA was then extracted from 
either type of sample with phenol/chloroform and precipitated with ethanol. 

p53 Sequencing 

A 1.8-kilobase fragment of the p53 gene (also known as TP53) (exons 5 
through 9) was amplified from primary rumor DNA in all 50 patients by poly- 
merase chain reaction (PCR) as described previously (7,8). The PCR products 
were purified and sequenced diTectly by cycle sequencing (Amplicycle sequenc- 
ing kit; The Perkin-Elmer Corp., Branchburg, NJ) by use of appropriate sequenc- 
ing primers (7,8). The products of the sequencing reactions were then separated 
by electrophoresis in 8 M urea/6% polyacrylamide gels, fixed, and exposed to 
film. 

In addition, all 50 tumors were sequenced by use of the GeneChip* p53 assay 
(Afrymetrix Inc., Santa Clara, CA) by the manufacturer's protocol. Exons 2 
through 1 1 of the p53 gene from each tumor and the normal reference DNA were 
amplified as 10 amplicons in a single PCR. Each PCR mixture contained 250 ng 
of genomic DNA, 5 jjlL of the p53 primer set (Afrymetrix Inc.), 10 U of 
AmpliTaq Gold (The Perkin-Elmer Corp.), PCR buffer II (The Perkin-Elmer 
Corp.), 2.5 mM MgCl 2 , and all four deoxynucleoside triphosphates (dNTPs) 
(each at 0.2 mM) in a final volume of 100 uX. The reaction tubes were heated 
to 95 °C for 10 minutes and then subjected to 35 cycles of 95 °C for 30 seconds, 
60 °C for 30 seconds, and 72 °C for 45 seconds and then to a final extension of 
10 minutes at 72 °C. Forty-five microliters of amplified tumor and reference 
DNA was then fragmented with 0.25 U of fragmentation reagent (Afrymetrix 
Inc.) at 25 °C for 18 minutes in a solution of 2.5 U of calf intestine alkaline 
phosphatase, 0.4 mM EDTA, and 0.5 mM Tris acetate (pH 8.2), followed by heat 
inactivation at 95 °C for 10 minutes. 

The fragmented amplicons were then 3' end labeled with fluorescein-labeled 
dideoxyadenosine 5 '-monophosphate. Fifty microliters of fragmented DNA was 
incubated at 37 °C for 45 minutes in 100 uX containing 25 U of terminal 
deoxynucleotidyltransferase (Boehringer Mannheim Biochemicals, Indianapolis, 
IM), terminal deoxynucleotidyltransferase buffer, and 10 \iM fluorescein-N6- 
ddATP (where ddATP is dideoxyadenosine 5 '-triphosphate), followed by heat 
inactivation at 95 °C for 5 minutes. The fluorescein-labeled sample was then 
hybridized in 0.5 mL containing 6x SSPE (I* SSPE « 0.15 MNaCl/10 mM 
sodium phosphate [pH 7.4]/l mM EDTA), 0.05% Triton X-100, 1 mg of acety- 
lated bovine serum albumin, and 2 nM control oligonucleotide Fl (Afrymetrix 
Inc.) to the p53 probe array for 30 minutes at 45 °C. The probe array was washed 
four times with wash buffer A and then scanned by laser (HP GeneArray Scan- 
ner; Hewlett Packard, Wilmington, DE). The emitted light intensity is propor- 
tional to bound tumor DNA at each location on the probe array and was used by 
the GeneChip software to compare the nucleotide sequence of the tumor DNA 
to the reference sequence. Intensity patterns differing from the reference sample 
were quantified, and sites containing mutant bases were then displayed by the 
GeneChip software with an assigned score (range, 0-32) corresponding to the 
difference in intensity. The magnitude of the score also varied with the number 
of oligonucleotide probe sets present at a specific site. All sites were covered by 
two probe sets (one sense and one antisense). In addition, 300 known missense 
mutations in the p53 gene were also covered by an additional 14 probe sets. 
Scores exceeding an empirically determined threshold (a score of 13) were 
designated as a mutation. Samples with mutations detected by the GeneChip p53 
assay that were not present on the direct sequencing gel were further confirmed 
by repeating the direct sequencing of the involved exon. 




Oligonucleotide Hybridization 

BAL samples from patients found to have a p53 mutation in their primary 
tumor were analyzed for the presence of tumor-specific p53 mutations with 
oligonucleotide plaque hybridization. The exon containing the p53 mutation was 
amplified for 35 cycles (94 °C for 30 seconds, 58 °C for 1 minute, and 70 °C for 
1 minute) from the primary tumor, lymphocytes, and BAL fluid with primers 
containing EcoRl sites (exon 5, 4S [5'-GTAGGAATTCACTTGTGCCCT- 
GACTT-3'] and 5ASECO [5'-ATCGAATTCAGACCTAAGAGCAAT-3']; 
exon 6, 6SECO [5 ATCG A ATTCCCC AGGCCTCTG ATT-3 '] and 6ASECO 
[5'-ATCGAATTCGAGACCCAGTTGCAA-3'J; exon 7, 7SECO [5'- 
ATCG A ATTCTCCCC A AGGCGC ACT-3 '] and 7ASECO [5'- 
ATCGAATTCGGTAAGAGGTGGGCC-3']; exon 8, 8SECO [5'- 
ATCGAATTCAAATGGACAGGTAGA-3'] and 8ASECO [5'- 
ATCGAATTCTTGTCCTGCTTGCTT-3']; and exon 9, 9SECO [5*- 
ATCGAATTCTCTGTTGCTGCAGAT-3'] and 9ASECO [5'- 
ATCGAATTCTGAGGTCACTCACCTGGA-3'J). The PCR products were then 
cloned into a X bacteriophage vector (Stratagcne Cloning Systems, La Jolla, CA) 
and amplified further in Escherichia coli cells (7). Between 500 and 1000 clones 
were transferred to nylon membranes (NEN Research Products, Boston, MA) 
and hybridized with 32 P-end-labeled oligonucleotide probes specific for the p53 
mutation identified in each patient's primary tumor as previously described 
(theoretical sensitivity - 1 : 1000 to 1 : 10000) (5). Hybridizing plaques signi- 
fied the presence of a mutant p53 gene. After stripping, all filters were hybrid- 
ized with a wild-type p53 oligonucleotide to identify plaques containing the 
inserted p53 fragments. All assays included both positive (tumor DNA with the 
mutation) and negative (tumor DNA with a different mutation and water alone) 
controls. 

K-ras Mutation Ligation Assay 

A 270-base-pair fragment containing exon 1 of the K-ras gene was amplified 
from the tumor and BAL fluid DNA of 27 patients with nonsquamous NSCLC 
(adenocarcinoma [n = 19], bronchoalveolar carcinoma [n — 6], adenosquamous 
carcinoma [n = 1], and large-cell carcinoma [n = 1]) as described previously 
(9). The K-ras gene was also amplified from the tumor and BAL fluid DNA of 
17 of the 23 patients with squamous cell cancer even though these tumors have 
been demonstrated previously to only rarely harbor K-ras gene mutations (JO). 
This fragment was used as the template for four separate mutation ligation assays 
(theoretical sensitivity = 1 : 100 to 1: 1000) to detect all possible mutations at 
K-ras codon positions: 12a, 12b, 13a, and 13b, as previously described (11). 

K-ras-Enriched PCR 

A sensitive mutant-enriched PCR technique was also used to screen the tumor 
DNA of 27 patients with nonsquamous NSCLC and all 50 BAL samples for 
K-ras mutations (12). In the first round of amplification, 1 |xg of tumor DNA was 
amplified in 25 uJL containing 60 ng of primers, 2.5 U of fa? polymerase (Sigma 
Chemical Co., St. Louis, MO), all four dNTPs (each at 0.2 mM), 50 mA/KCI, 
10 mAf Tris-HCl (pH 8.3), and 1 .5 mA/MgCl 2 for 20 cycles (94 °C for 1 minute, 
56 °C for 1 minute, and 72 °C for 1 minute). Five microliters of the first ampli- 
fication products was then digested for 3 hours at 60 °C with EriNI. The digested 
PCR products were then subjected to a second round of amplification (20 cycles) 
and digestion with Bsftfl as described above. The products of the second iterNI 
digestion were then separated by electrophoresis on nondenaturing polyacryl- 
amide gels and stained with ethidium bromide [theoretical sensitivity .-= 1 : 10 4 
to 1 : 10 6 (12.13)]. 

pl6 Methylation-Specific PCR 

Methyl ation-specific PCR was used to determine the methyl ation status of the 
CpG island of pi 6 in all 50 tumors and in the matched BAL fluid from 49 
patients as described (14). One microgram of tumor DNA or BAL-fluid DNA 
was modified with sodium bisulfite and precipitated with ethanol. The modified 
DNA was then amplified by use of both methylated- and unmethylated-specific 
primers as described (14). PCR products were loaded directly onto nondenatur- 
ing 6%-8% polyacrylamide gels, stained with ethidium bromide, and visualized 
under UV illumination [theoretical sensitivity = 1 : 1000 (14)]. 

Microsatellite Analysis 

Fifteen markers for microsatellite analysis were selected on the basis of pre- 
vious work (our unpublished results), demonstrating frequent microsatellite al- 
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terations (expansion or deletion of a repeat unit) in NSCLC (15). Tumor DNA 
and normal lymphocyte DNA from all 50 patients were examined with the entire 
panel of 15 microsatellite markers. BAL samples from 24 patients were analyzed 
with the 15 -marker panel, whereas the remaining 26 BAL samples were exam- 
ined only when the corresponding tumor demonstrated microsatellite instability. 
Oligonucleotides were obtained from Research Genetics (Huntsville, AL) or 
synthesized from sequences in the Genome Database (D3S1340, D3S1351, 
D8S321, D9S242, Dl 1S488, D20S82. D20S85, CSFIR-1 , and ACTB-2) with the 
exception of the following loci: UT5307 (5 ' -GG ATAT AGCTGGCA ATGGC-3 ' 
[sense] and 5 '-TCGG AATGCCTACTTCCCAG-3 ' [antisense]), UT5320 (5'- 
ACCG ACAG ACTCTTGCCTC-3 ' [sense] and 5 '-TTG AG ATGACCCT- 
GAGACTG-3' [antisense]), LI 7686 (5 '-GCACC AATGCTCCAGAAATG-3 ' 
[sense] and 5 '-TCATGGTGCCATGATAGGAG-3 ' [antisense]), LI 7835 (5'- 
TTGC ACCACTATACTCCAGC-3 ' [sense] and 5 ' -TCAGTTTAAGGTTCT- 
CACCTG-3' [antisense]), G29028 (5 ' -GC AGTG AGCTG AG ATA ATGC-3 ' 
[sense] and 5 ' -TC ACTAGC AG ATGCG ATA ATG-3 ' [antisense]), and G08460 
(5 ' -TGGCGCTG ATGCTCC AC ATTC-3 ' [sense] and 5'-CTGGCTGACA- 
GATAAAGCACT-3' [antisense]). One marker from each primer pair was la- 
beled with T4 polynucleotide kinase (New England Biolabs, Inc., Beverly, MA). 
PCR amplification was performed with 60 ng of DNA isolated from the tumor, 
normal lymphocytes, and BAL fluid as described above. Products were separated 
in 8% denaturing urea/polyacrylamide/formamide gels, followed by autoradiog- 
raphy [theoretical sensitivity = 1 : 100 to 1 : 200 (16)}. 

Statistical Analysis 

Groups were compared by use of the Fisher exact test (two-tailed). All P 
values are two-sided. 

Results 

Primary Tumor 

The clinical characteristics of 50 patients undergoing pulmo- 
nary resection for NSCLC are shown in Table 1. Twenty-eight 
patients had stage I disease (18 with stage IA and 10 with stage 
IB), 15 patients had stage II NSCLC (two with stage Ila and 13 
with stage lib), and seven patients had stage Ilia disease. Mean 
tumor size was 3.7 cm. The histologic type of the 50 tumors 
included squamous cell cancer (n — 23), adenocarcinoma (n = 
19), bronchoalveolar carcinoma (n = 6), adenosquamous carci- 
noma (n - 1), and large-cell carcinoma (n = 1). p53 mutations 
were detected in tumors from 28 (56%) of 50 patients with 



NSCLC and were found statistically significantly (P = .014) 
more often in squamous cell cancer (19 [83%] of 23 patients) 
than in adenocarcinoma (eight [42%] of 19 patients). Nineteen 
(68%) of 28 p53 mutations in tumors were detected with direct 
cycle sequencing, and 22 (81%) of 27 mutations in tumors were 
detected with the p53 GeneChip. Mutatikms in the K-ras gene 
were identified in 10 (37%) of 27 patients with non-squamous- 
cell NSCLC, including eight (42%) of 19 patients with adeno- 
carcinoma and two (33%) of six patients with bronchoalveolar 
carcinoma^ Identical results were obtained with the mutation 
ligation assay and the K-ras mutation-enriched PCR, K-ras mu- 
tations were detected in two (12%) of 17 squamous cell cancers 
analyzed with the mutation ligation assay. 

Methylatedpl6 alleles were present in 19 (38%) of 50 tumors 
tested. Microsatellite instability was identified in 23 (46%) of 50 
tumors by use of the panel of microsatellite markers. These 
microsatellite "shifts" were seen in seven tumors (14%) with 
L17686; five tumors (10%) with D20S82; four tumors (8%) with 
UT5320; three tumors (6%) with LI 783 5; two tumors (4%) with 
D8S321, D20S85, D9S242, and D3S1351; and one tumor (2%) 
with each of the following sequences, UT5307, G29028, 
D 1 1 S488, ACTp-2, or G08460. The relationship between patho- 
logic stage and cell type and the presence of p53 mutations, 
K-ras mutations, microsatellite instability, and methylated pl6 
alleles is shown in Table 1 . 

BAL Fluid 

p53 mutant cells were detected in the BAL fluid of 1 1 (39%) 
of the 28 patients with p53 mutations in their primary tumor 
(Table 2 and Fig. 1). Four of the 12 tumors with K-ras mutations 
had the identical mutation detected in the BAL fluid (Fig, 2). 
The mutation ligation assay detected mutations in four samples, 
whereas the mutant-enriched PCR technique detected a mutation 
in only one sample (also detected by the ligation assay). None of 
the BAL samples from the 32 patients with a wild-type K-ras 
tumor contained a K-ras mutation when the mutation ligation 
assay was used. Only one of these 32 BAL samples contained a 



Table 1. Frequency of p53 and K-ras mutations, any microsatellite instability, and pi 6 gene methylation status in the primary tumor from 

patients with resectable non -small-cell lung cancer 



No. of patients/total No. (%) 



Parameter 


n* 


p53 mutations 


K-ras imitations! 


Microsatellite instability J 


pi 6 methylation status 


Pathologic stage§ 






2/15(13) 


7/18(39) 




IA 


18 


11/18(61) 


8/18(44) 


IB 


10 


5/10(50) 


4/8 (50) 


4/10 (40) 


4/10(40) 


1IA 


2 


1/2 (50) 


1/2 (50) 


0/2 


2/2 (100) 


1IB 


13 


7/13(54) 


4/12 (33) 


7/13(54) 


3/13(23) 


III 


7 


4/7 (57) 


1/7 (14) 


5/7 (71) 


2/7 (29) 


Total samples 


50 


28/50(56) 


12/44(27) 


23/50 (46) 


19/50 (38) 


Tumor cell type 












Squamous cell 


23 


19/23 (83) 


2/17(12) 


14/23 (61) 


9/23 (39) 


Adenocarcinoma 


19 


8/19(42)11 


8/19(42) 


7/19(37) 


9/19(47) 


Bronchoalveolar 


6 




2/6(33) 


1/6 (17) 


1/6 (17) 


Other 


2 


1/2 (50) 


0/2 


1/2 (50) 


0/2 


Total samples 


50 


28/50 (56) 


12/44(27) 


23/50 (46) 


19/50(38) 



*n = total number of patients with tumor of given stage or cell type, 
t K-ras mutation analysis performed on 17 of 23 squamous cell cancers. 

JNumber of tumors containing at least one microsatellite alteration in panel of 15 markers tested. 
§Staging using the revised International System for Staging Lung Cancer (6). 
||Two-sided P ^ .014 versus squamous cell cancers. 
^Two-sided P ~ .0008 versus squamous cell cancers. 
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Table 2. Frequency of tumor-specific p53 and K-ras mutations, any microsatellite instability, and p!6 gene methylation status in the 
bronchoalveolar lavage (BAL) fluid from patients with resectable non-small-cell lung cancer 

No. of BAL samples with detectable alteration/No. of BAL samples analyzed 
with corresponding alteration in primary tumor (%) 







p53 plaque 


K-ras mutation 


Microsatellite 










hybridization assay 


ligation assay 


instability 


pl6 methylation 




Parameter 


n* 


[1 : 1000]t 


[J : zOOJi 


[1 : 20JT 


status [unknown]! 


Any assay 


r till lUH-Jg lv> OliiJJC 








1/7 (14) 






IA 


18 


1/11 (9) 


1/2 (50) 


5/8 (63) 


7/17 (4H 


TO 
l L-j 


10 


3/5 (60) 


2/4 (50) 


0/4 


2/4 (50) 


5/8 (63) 


TT A 


2 


1/1 (1001 


1/1 (100) 


0/0 


2/2 (100) 


2/2 n<xn 


IIB 


13 


4/7 (57) 


0/4 


1/6 (17) 


2/3 (67) 


7/H (64) 


HI 


7 


2/4 (50) 


0/1 


1/5 (20) 


1/2 (50) 


2/5 (40) 


Total samples 


50 


1 1/28 (39) 


4/12 (33) 


3/22 (14) 


12/19(63) 


23/43 (53) 


Tumor cell type 














Squamous cell 


23 


6/19 (32) 


0/2 


3/13 (23) 


5/9 (56) 


11/21 (52) 


Adenocarcinoma 


19 


4/8 (50) 


4/8 (50) 


0/7 


7/9 (78) 


1 1/17 (65) 


Bronchoalveolar 


6 


0/0 


0/2 


0/1 


on 


0/4 


Other 


2 


1/1 (100) 


0/0 


0/1 


0/0 


1/1 (100) 


Total samples 


50 


11/28 (39) 


4/12 (33) 


3/22(14) 


12/19 (63) 


23/43 (53) 


Tumor site 














Peripheral 


27 


5/16(31) 


3/9 (33) 


2/12(17) 


6/10(60) 


1 1/25 (44) 


Parenchymal 


13 


2/8 (25) 


1/2 (50) 


0/6 


3/5 (60) 


6/11 (55) 


Peripheral/parenchymal 


40 


7/24 (29)t 


4/11(36) 


2/18(11) 


9/15(60) 


17/36(47) 


Central 


10 


4/4 (100) 


0/1 


1/4 (25) 


3/4 (75) 


677 (86) 


Total samples 


50 


1 1/28 (39) 


4/12 (33) 


3/22 (14) 


12/19(63) 


23/43 (53) 



*n — total number of patients with tumor of given stage, cell type, or site. 

f Working limit of sensitivity defined as "proven" upper limit of sensitivity (i.e., detection of the molecular alteration in BAL fluid compared with presence of 
mutant alleles by quantitative p53 plaque hybridization assay) (see Table 3). 
JTwo-sided P = .032 versus central tumors. 



K-ras mutation when the mutant-enriched PCR was used. Meth- 
ylated pi 6 alleles were detected in 12 of the 19 samples from 
patients with a methylated primary tumor (Fig. 3). None of the 
30 BAL samples analyzed from patients with pi 6 untnethylated 
tumors contained methylated pi 6 alleles. 

Tumor-specific microsatellite alterations (instability) were 
detected in only three (14%) of the 22 BAL fluids from patients 
with alterations present in the primary tumor (Fig. 4). We were 
unable to amplify a PCR product from one BAL sample with 
microsatellite instability detected in the corresponding tumor 
with marker D8S321. The BAL fluid from 24 patients was ana- 
lyzed with the entire panel of 15 microsatellite markers. Micro- 
satellite instability was present in 10 of these 24 tumors. How- 
ever, tumor-specific microsatellite alterations were detected in 
the BAL fluid from only one (10%) of these 10 patients. Four 
(17%) of the 24 BAL samples contained a microsatellite alter- 
ation not present in the corresponding tumor. 

One or more of the molecular assays were used to examine 
the BAL fluid from the 43 patients whose tumor displayed at 
least one molecular marker. Tumor-specific mutations or mi- 
crosatellite instability was detected with at least one assay in 23 
(53%) of these 43 BAL fluid samples. 

Tumor location strongly influenced the ability to detect mo- 
lecular alterations in BAL fluid. Tumor-specific p53 mutations 
were detected significantly more often in BAL fluid from pa- 
tients with centrally located tumors than in BAL fluid from 
patients with tumors located in the parenchyma or peripherally 
(100% versus 29%; P = -032). Tumor size also played a sig- 
nificant role in detecting molecular alterations in the BAL fluid. 
Only one of 11 stage IA tumors had a detectable p53 mutation 
in the BAL fluid, and this tumor was 3.0 cm in size. The p53 
plaque assay detected molecular alterations in the BAL fluid 



from patients with stage II tumors significantly more often than 
in the BAL fluid from patients with stage IA tumors (62% versus 
9%; P = .045). The detection rate for tumor-specific p53 mu- 
tations in BAL fluid was similar between samples obtained from 
patients with squamous cell carcinoma (32%) and samples ob- 
tained from patients with adenocarcinoma (50%). 

The ratio of mutant clones to total clones in the BAL fluid 
examined with the oligonucleotide plaque hybridization ranged 
from one in seven clones to one in 400 clones (Table 3). The 
ratio of mutant to normal clones was lower than one in 100 
clones in all three positive BAL fluid specimens from patients 
with adenocarcinoma of the lung. In contrast, in five of the six 
patients with squamous cell carcinoma and in the one patient 
with large-cell carcinoma, the ratio of mutant to total clones in 
the BAL fluid was greater than one in 100 clones. The K-ras 
mutation ligation assay detected mutant cells to one in 200 cells. 
Methylated pl6 alleles were detected in BAL fluid from 12 of 
the 19 patients with a methylated primary tumor. The p53 plaque 
assay was also positive (sample 971, one in seven clones; sample 
1 174, one in 400 clones) in just two of these samples (Table 3), 
giving a wide range for the sensitivity limit of the methylation 
assay. The sensitivity of the microsatellite assay was consider- 
ably lower as expected, detecting tumor-specific alterations in 
the BAL fluid only when the number of tumor cells was greater 
than one in 20 (5%) (Table 3). 

Discussion 

There is no effective test available to screen high-risk groups 
for lung cancer despite being the leading cause of cancer deaths 
among both men and women in the United States (I, ^. Con- 
ventional cytologic analysis of sputum was no more effective 
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Fig. 1. Detection of mutant p53 alleles in bronchoalveolar lavage (BAL) fluid 
from patients with non-small -cell lung cancer. Nylon membranes were hybrid- 
ized with both mutant-specific and wild-type oligonucleotides. A fragment of the 
p53 gene was amplified from DNA from the clinical samples as indicated, 
cloned, and transferred to nylon membranes. BAL fluid contained a few mutant 
p53 alleles (1 : 170) in sample 1098 but not in sample 958. 



SAMPLE 1M3 


SAMP1E1190 


SAMPLE 1319 




T N BAL 


T M BAL 


T H BAL 


t:101rM* 








* 



Fig. 2. Detection of mutant K-ras alleles in bronchoalveolar lavage (BAL) fluid 
with a mutation ligation assay. Mutant K-ras alleles (Cys 12 ) detected in BAL 
fluid in samples 1012 and 1 3 19 but not in sample 1190. T = tumor; N = normal 
(wild-type). Lanes 1 : 10 and 1 : 100 contain a dilution of tumor DNA with K-ras 
mutation (Cys 12 ) with wild-type DNA from same patient (far right). Cys = 
cysteine (codon). 

than annual chest radiographs in detecting lung cancer in several 
large prospective randomized trials (3,4), Periodic screening 
with chest radiographs has not been demonstrated to decrease 
lung cancer mortality; however, their efficacy in lung cancer 
screening remains controversial (17). In our study, four of the 
most promising molecular assays were used to evaluate BAL 
fluid obtained from 50 patients with resectable NSCLC and 
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Fig. 3. Detection of methylated pi 6 alleles in tumor (T) and corresponding 
bronchoalveolar lavage (BAL) fluid (W) with methylation-specific polymerase 
chain reaction (PCR). Primer sets used for amplification are designated as un- 
methylated (U) or methylated (M). NEG shows the products of a negative 
control reaction devoid of DNA, and 011 and 012 show the products from 
positive control cell lines with unmethylated and methylated pi 6 alleles, respec- 
tively. Methylated pl6 alleles were detected in the BAL fluid in sample LI 292 
but not in the BAL fluid in samples L946 and LI 29 1 . Additional bands represent 
nonspecific PCR products. * - marker lane; bp = base pairs. 





U32 




N T BAL 




III 




L11M 


N T BAL 


N T BAL 


111 


• it 



Fig. 4. Identification of microsatellite instability in clinical samples. Microsat- 
ellite instability (deletion of repeat units) in both tumor (T) and bronchoalveolar 
lavage (BAL) fluid in a patient with non-small-cell lung cancer (sample L768). 
Microsatellite alterations in primary tumor but not in BAL fluid (samples L792, 
L826, and LI 199) were identified N = normal lymphocyte DNA. 



detected cancer cells in 53% of samples when the patient's pri- 
mary tumor was positive for a molecular marker. 

Cytologic analysis of sputum is currently used clinically to 
screen for or diagnose lung cancer; however, this test has several 
limitations. The majority of cancers detected by cytologic analy- 
sis are squamous cell cancers, whereas the most common cell 
type in NSCLC is adenocarcinoma (18). Moreover, cytologic 
analysis is much more accurate at detecting central lesions than 
peripheral cancers, which also occur more commonly (19). 
Bechtel et al. (19) reported on 51 patients with NSCLC detected 
by sputum cytologic testing. Eighty-six percent of the lesions 
were squamous cell cancer, and all but one of the tumors were 
centrally located and visible by bronchoscopic examination (19). 
BAL has been used to improve the detection rate for peripheral 
lesions. Thirty-three percent of patients with peripheral NSCLC 
were detected by BAL in a recent series (tumor stage unknown 
in this group), and the sensitivity of BAL for diagnosing dis- 
seminated NSCLC may be as high as 88% (20,21). 

Several recent innovations, including the automated image 
cytometer or staining for heterogeneous ribonuclear protein 
overexpression, may improve the detection rate of cytologic 
techniques (22,23). We elected to evaluate the ability of current 
molecular techniques at detecting tumor-specific molecular al- 
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Sample 
No. 



Table 3. Comparison of P 53 mutant alleles present in bronchoalveolar lavage (BAL) fluid and corresponding results of molecular assays 

with variable sensitivities 



p53 mutation* 



971 Intron 6, A to G at 846 

768 CGC to CAC at 175 

847 ATC to TTC at 195 

1011 GAG to TAG at 339 

775 AGG to AGT at 249 

1216 CAG to TAG at 165 

1049 ACC to ATC at 253 

1098 CGC to CTC at 158 

826 TGC to GGC at 176 

H74 GCC to CCC at 159 



Cell type 



Squamous 

Squamous 

Squamous 

Large cell 

Squamous 

Squamous 

Adenocarcinoma 

Adenocarcinoma 

Squamous 

Adenocarcinoma 



Tumor site 



Central 

Peripheral 

Peripheral 

Peripheral 

Parenchymal 

Central 

Central 

Peripheral 

Central 

Parenchymal 



No. of mutant alleles/ 
total No. of clones in BAL 



Microsatellite 
instability! 



K-ras mutation 
ligation assay f 



pl6 methyl at ion 
assayt 



1/7 

1/15 

1/20 

1/24 

1/45 

1/45 

1/115 

1/170 

1/200 

1/400 



+ 
+ 



♦For all samples except 97 1 , the numbers at right refer to nucleotide numbers of the published p53 complementary DNA sequence; for sample 97 1 , the number 
at rieht refers to the intron 6 nucleotide number downstream from the 3'-end of exon 6 in the p53 gene. 

f+ - positive; - - negative. If blank, the depicted molecular alteration was absent in the primary tumor and could not be evaluated. 



terations in the BAL fluid from a group of patients with pre- 
dominantly peripheral resectable NSCLC. In most cases, the 
entire BAL sample was used for molecular analysis to enable the 
completion of all four assays. One limitation to the current study 
is the unknown diagnostic sensitivity of cytologic analysis in 
this group of 50 patients to provide a direct comparison between 
cytologic and molecular techniques in detecting tumor cells in 
BAL fluid. 

Oncogene or tumor suppressor gene mutations have been 
detected by several investigators (5,12,13) m the sputum of pa- 
tients with primary adenocarcinoma of the lung. We identified 
K-ras and p53 mutations in eight of 10 sputum samples from 
patients who were participating in the Johns Hopkins Lung Proj- 
ect and who later developed adenocarcinoma (5). However, each 
of these samples was selected from the 3% of samples collected 
in that trial that already had at least mild dysplasia upon cyto- 
logic examination. Several additional studies (12,13) have re- 
ported that K-ras mutations are detectable in the sputum of a 
high percentage of patients with adenocarcinoma when the pri- 
mary tumor contains a K-ras mutation. Although K-ras muta- 
tions were frequently detected despite negative cytologic find- 
ings in most cases, each of these studies included a large number 
of patients with advanced unresectable lung cancer. 

Several techniques have been used to detect K-ras mutations 
in sputum and stool samples; these techniques include plaque 
hybridization, the mutation ligation assay, and various mutant- 
enriched PGR techniques (5, 12, 13,24). The mutation ligation 
assay is rapid, requires a single PGR amplification, and has a 
sensitivity approaching that of the plaque hybridization (11). In 
this study, the mutation ligation assay was able to detect tumor 
cells with a sensitivity of at least one in 200 normal cells. Mu- 
tant-enriched PGR techniques have a reported sensitivity of at 
least one in 10 4 ; however, false-positive results are possible as 
the error rate of fa? polymerase or other thermostable enzymes 
is siiraassejrtM used this technique to 

identify K-ras mutations in normal lung tissue from patients with 
lung cancer as often as from the primary cancer itself. In addi- 
tion, 49% of patients with squamous cell cancer and 12% of 
control patients without cancer had K-ras mutations in their 
sputum. With a mutant-enriched PCR protocol designed to limit 
false-positive results, we were unable to improve upon the de- 
tection rate combed with me mutatis 

Although we detected K-ras mutant cells in 50% of patients 
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with adenocarcinoma, molecular screening may still have a role 
in the early detection of patients with adenocarcinoma. Cyto- 
logic screening is notoriously poor in patients with adenocarci- 
noma, because adenocarcinoma cells are shed into the airway in 
low numbers (18,19). In the Johns Hopkins Lung Project trial, 
the lung cancers detected by cytologic screening alone were 
almost exclusively of the squamous cell type (18). In our study, 
all of the adenocarcinomas detected by the plaque assay con- 
tained fewer than 1% tumor cells in the BAL. 

Tumor-specific microsatellite alterations have been used to 
identify tumor cells in the urine of patients with bladder cancer 
and in the serum of patients with head and neck and small-cell 
lung cancer (25,26). In addition, tumor-specific microsatellite 
alterations have been demonstrated previously in the sputum of 
several patients, each with small-cell lung cancer and NSCLC 
(15,16). We reported that this approach could detect approxi- 
mately one cancer cell against a background of 200 normal cells, 
suggesting that the use of microsatellite alterations might prove 
useful as a diagnostic tool in NSCLC (16). The reported fre- 
quency of microsatellite instability in NSCLC varies consider- 
ably from 2% to 55% in large part depending on the specific 
microsatellite loci examined (27-29). We previously examined 
73 microsatellite markers in 47 patients with NSCLC to find loci 
frequently altered in NSCLC and identified a panel of 12 mark- 
ers that was able to detect at least one microsatellite alteration in 
55% of the primary tumors (unpublished results). When we used 
the same panel and several additional markers found by other 
investigators to demonstrate microsatellite instability in NSCLC, 
we identified microsatellite alterations in a similar number of 
tumors (46%). 

Microsatellite DNA markers are significantly more accurate 
than conventional cytology in identifying cancer cells in the 

" , JJ — patients (25). In contrast to molecular 

e able to detect tumor-specific micro- 
in a small percentage (14%) of BAL 
ddition, microsatellite alterations not 
ing tumor were detected in 17% of the 
with the entire panel of 15 markers. A 
reported by Miozzo et al. (15), who 
^ normal bronchial biopsy specimens 

v from a primary lung cancer for micro- 

/ ientified microsatellite alterations that 

\ rimary tumor in 24% of these patients. 
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The results of the quantitative p53 plaque hybridization assay 
suggest that the threshold for detecting microsatellite alterations 
in BAL fluid was between a neoplastic cellularity of 5% and 7%. 
The percentage of tumor cells in the BAL fluid in this study was 
10-fold to 100-fold lower than that in the urine of patients with 
bladder cancer and explains the low sensitivity of the microsat- 
ellite panel at detecting alterations in the BAJL fluid. 

Methylation-specific PCR has a sensitivity approaching one 
in 1000 in dilution experiments and may be useful in detecting 
clonal cell populations with methylated pl6 genes in clinical 
samples (14). In the current study, we were able to detect meth- 
ylated pl6 alleles in the BAL fluid from 63% of the patients with 
a methylated primary tumor. The quantitative p53 plaque assay 
was also positive in just two BAL samples with methylated pi 6 
alleles, suggesting that the threshold for detecting methylated 
pl6 alleles was between a tumor-to-normal cell ratio of one in 
seven and one in 400. Our results suggest that this approach may 
be useful in detecting cancers where the frequency of pl6 inac- 
tivation by methylation is high (30). However, unlike the pri- 
mary tumor-specific oncogene mutations or microsatellite insta- 
bility described above, pi 6 methylation is not necessarily 
specific, pi 6 methylation is a common molecular alteration and 
may not be limited to one neoplastic clone or may be present in 
other preneoplastic epithelial patches. Thus, although pl6 meth- 
ylation testing lends itself to prospective analysis without prior 
knowledge of the molecular alteration, it must be surveyed and 
carefully analyzed in normal control subjects and in cigarette 
smokers without cancer. Preliminary evidence from a pilot study 
on lung cancer suggests that pl6 methylation may be detected in 
sputum in the absence of clinically evident cancer (31). On the 
other hand, methylated pi 6 alleles were not observed in the BAL 
fluid from any of the patients with pi 6 unmethylated tumors in 
this study. 

The molecular detection of lung cancer by testing BAL fluid 
(and certainly sputum) remains challenging. Although still lim- 
ited by sensitivity, molecular approaches can detect tumor- 
specific mutations or molecular alterations in the proximal air- 
way in resectable NSCLC. Further studies are needed to define 
the clinical significance of each of these mutations or alterations 
in patients at high risk of developing lung cancer. The more 
sensitive oligonucleotide plaque hybridization, mutation liga- 
tion, and pl6 methylation assays detected these alterations in 
BAL fluid with similar frequency. Further improvements in the 
sensitivity of all of these assays may be achieved through en- 
riching the epithelial cell component of the BAL fluid or sputum 
or by collecting multiple samples, an approach that has been 
successful at increasing the sensitivity of cytologic techniques. 
In addition, broad technical improvements in molecular detec- 
tion assays and high through-put automation are necessary for 
eventual clinical implementation. 
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Detection of K-ras Mutations of Bronchoalveolar Lavage Fluid Cells 
Aids the Diagnosis of Lung Cancer in Small Pulmonary Lesions 1 



Fumihiro Oshita, 2 Ikuo Nomura, Kouzo Yam a da, 
Yuji Kato, Gaku Tanaka, and Kazumasa Noda 

Division of Thoracic Disease, Kanagawa Cancer Center, Nakao 
1-1-2, Asahi-ku, Yokohama 241-0815, Japan 

ABSTRACT 

An increased prevalence of K-ras oncogene mutation in 
lung adenocarcinoma has been shown by PCR-primer- 
introduced restriction with enrichment for mutation alleles 
(PCR-PIREMA) experiments. In the present study we in- 
vestigated whether this method is useful for the diagnosis of 
lung cancer in small pulmonary lesions, which are difficult 
to diagnose cytologicatly as lung cancer by bronchoscopic 
examination. We examined bronchoalveolar lavage fluid 
(BALF) cells from 33 patients with single nodular pulmo- 
nary lesions of less than 2 cm in diameter (measured on 
chest computed tomography scans) for K-ras (codon 12) 
mutation, by PCR-PIREMA. Transbronchial fiberscopic ex- 
aminations had not revealed lung cancer cytologically in any 
of the patients. The final diagnoses for the 33 lesions were 20 
adenocarcinomas, 5 cases of focal fibrosis, 5 cases of pneu- 
monia, 1 case of tuberculosis, 1 hamartoma, and 1 case of 
lymph node swelling. BALF cell lysates were amplified and 
digested with a restriction enzyme to detect the K-ras onco- 
gene. Only the normal K-ras was observed after the first 
amplification and digestion for each of the 33 patients. Three 
amplifications and digestions were performed for each sam- 
ple. We detected mutation of K-ras in BALF cells from 15 
(75%) of 20 lung cancer patients and in cells from only 4 
(31%) of 13 patients with nonmalignant lesions. The detec- 
tion rate of the K-ras mutation in lung cancer was signifi- 
cantly greater than that in nonmalignant lesions (P = 0.012). 
Our results indicate that the detection of the codon 12 K-ras 
mutation in BALF cells by PCR-PIREMA aids the diagnosis 
of lung cancer in patients with small pulmonary lesions with 
negative cytological findings. 

INTRODUCTION 

Lung cancer is the leading cause of cancer deaths in Japan. 
To improve the prognosis of lung cancer patients, many oncolo- 



Received 9/17/98; revised 11/24/98; accepted 12/8/98. 
The costs of publication of this article were defrayed in part by the 
payment of page charges. This article must therefore be hereby marked 
advertisement in accordance with 18 U.S.C. Section 1734 solely to 
indicate this fact. 

1 Supported in part by a Grant-in-Aid from the Ministry of Health and 
Welfare for the Second Term Comprehensive 10-year Strategy for 
Cancer Control. 

2 To whom requests for reprints should be addressed. Phone: 81-45- 
391-5761; Fax: 81-45-361-4692. 



gists have been trying to develop tests that will facilitate the 
earlier diagnosis and treatment of lung cancer and thereby 
decrease the mortality from this disease. Most early-stage lung 
cancers show no symptoms and are detected as an abnormal 
shadow on a chest roentgenogram or a chest CT 3 scan. Lung 
cancer appears as small nodules in the peripheral lung, and 
pathological or cytological diagnosis is essential for the diag- 
nosis of lung cancer. Patients suspected of having lung cancer 
often undergo fiberscopic examination, with a tumor biopsy 
examination or a cytological approach. When a lesion is inac- 
cessible to bronchoscopic biopsy or when the biopsy specimen 
is nondiagnostic, a diagnosis of cancer may be possible by 
cytological examination of the BALF, but this method is much 
less sensitive than the examination of a biopsy specimen (I). 
Cytological or pathological confirmation for small nodular le- 
sions less than 2 cm in diameter is difficult; aggressive CT- 
guided aspiration cytology through the chest wall is often per- 
formed. However, many such lesions are resected without a 
diagnosis being made before the surgery* 

Body fluids sometimes contain cells or cell debris bearing 
the oncogene mutations that characterize the related tumor, as 
has been shown for raj mutations in stool specimens from 
patients with colorectal tumors (2) and for p53 mutations in 
urine from patients with bladder cancer (3). Similarly, mutations 
of K-ras that are associated with lung cancer have been detected 
in BALF cells (4): The clinical use of ras as a biomarker for 
lung cancer has been suggested by investigators who found ras 
mutations in stored sputum samples from patients later diag- 
nosed with lung adenocarcinoma (5), In the largest study of ras 
mutations in human lung cancer, K-ras mutations in codon 12 
predominated; they were found in 17% of 258 non-small cell 
lung cancer samples obtained by surgical resection, primarily 
(24%) in adenocarcinoma (6). 

Cancer cells in BALF are always mixed with large num- 
bers of genetically normal cells; therefore, the detection of ras 
mutations in BALF requires a sensitive assay such as PCR- 
PIREMA, which was developed to detect ras mutations (7, 8). 
It has been reported that the sensitivity and specificity of K-ras 
mutation detection in BALF samples for the diagnosis K-ras 
mutation-positive lung cancer were both 100% using PCR- 
PIREMA, and that this method detected K-ras mutations in 
BALF cells in 46% of adenocarcinomas of the lung (4). There- 
fore, we expected that we would frequently be able to detect the 
K-ras mutation in BALF cells from small lung lesions using the 



3 The abbreviations used are; CT, computed tomography; BALF, bron- 
choalveolar lavage fluid; PCR-PIREMA, PCR-primer-introduced re- 
striction with enrichment for mutation alleles. 
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Table J Patient characteristics 



Table 2 Final diagnosis of small pulmonary lesions 



No. 



Diagnosis 



No. of patients 



Total cases 


33 


Sex 




Male 


IS 


Female 


15 


Age 




Mean 


63 


Range 


45-79 


Size of lesion" (cm) 




1.5-1.9 


8 


1.0- 1. 4 


16 


<1.0 


9 


Cytology* 




Negative 


33 



° The size of lesion was determined by chest CT. 

h Cytological examination was performed by bronchoscopy. 



PCR-PIREMA method. We conducted a prospective study to 
determine whether the detection of K-ras mutation in BALF 
can aid the diagnosis of lung cancer in cases of a small 
pulmonary lesion that is cytological ly negative on broncho- 
scope examination. 

MATERIALS AND METHODS 

BALF Cell Collection. Between October 1995 and Feb- 
ruary 1998, patients with a nodular lesion of less than 2 cm in 
diameter in the peripheral lung that was subsequently diagnosed 
by biopsy specimen examination were enrolled in the present 
study. After chest roentgenography and CT, each patient under- 
went bronchoscopic examination to diagnose the cause of the 
lesion. Saline (50-100 mi) was injected into the target bronchus 
after transbronchial biopsy or brushing and lavage fluid speci- 
mens were obtained. One-half of the lavage fluid was used to 
make a cytological diagnosis, and the other half was used to test 
for K-ras mutation. 

PCR-PIREMA Protocol. A .modified PCR-PIREMA 
method was used to detect K-ras mutations in BALF ceuV(7). 
BALF cells (5 x 10 4 ) were washed and resuspended in 500 jxl 
K-buffer [1 0 mM Tris-HCl (pH 8.3), 50 mM KC1, 1 .5 mM MgCl 2 , 
0,5% Tween 20, and 100 p-g/ml proteinase K], The cell suspen- 
sion was incubated at 55°C for 1 h and then heated at 94°C for 
10 min to inactivate proteinase K. These cell lysates were stored 
at -20°C until used for PCR. 

Briefly, PCR around K-ras codon 12 was performed by 
using a mismatched primer (F primer, 5'-ACTGAATATA- 
AACTTGTGGTAGTTGGACCT-3 ' ; R primer, 5'-ACTCAT- 
GAAAATGGTCAGAGAAACCTTTAT-3') that introduced a 
: BstNl restriction site into the PCR products derived from normal 
alleles. toNI digestion of the PCR products left only the PCR 
products derived from mutant alleles intact, after which further 
PCR selectively amplified the mutant PCR products. The first 
PCR reaction mixtures contained 10 julI of cell lysate, 8 \lm 
concentrations of each nucleotide, 0.8 mM MgCl 2 , antf 5'- 
mismatched primer to introduce a BsiNl restriction site flanking 
the K-ras exon 1. The first PCR products were digested with 
BstUL When mutated K-ras was not detected after digestion of 
the first PCR products, which had been amplified by 30 cycles 
of PCR, a fresh aliquot of the samples was amplified by 10 



Adenocarcinoma 


20 


Focal fibrosis 


5 


Pneumonia 


5 


Tuberculosis 


1 


Hamartoma 


1 


Swelling of lymph node 


1 



cycles of PCR, and, after BstNl digestion, the samples was 
amplified twice more. The second PCR reaction mixture con- 
tained 1 0 pA of the digest of the first" PCR products, (diluted 
1 : 100), 4 jiM concentrations of each nucleotide, and 0.6 mM 
MgCl 2 - The second PCR products also were digested with 
AsfNL The first and second PCR reactions were performed for 
10 and 20 cycles, respectively, at 94°C for 1 min, 55°C (for the 
first PCR) or 40°C (for the second PCR) for 2 min, and 74°C for 
3 min. The digest of the second PCR products (diluted 1:100) 
was then amplified under standard PCR conditions (each nucle- 
otide at 200 (jlm, 1.5 mM MgCl 2 , 55°C annealing, 34 cycles) 
using the same primers followed by repeat BstNl digestion; 
these products were then electrophoresed on 2.5% agarose gels 
and stained with ethidium bromide. A digestion-resistant 192-bp 
band indicated the presence of a K-ras codon 12 mutation/Each 
sample was subjected to the entire PCR-PIREMA process at 
least twice. Extensive measures were taken to prevent cross- 
contamination of samples. A normal - control sample and a 
known mutation sample were included in all of the experiments. 

Statistical Analysis. The x 2 test was used to analyze the 
differences in the frequency of K-ras mutation between lung 
cancers and nonmalignant lesions. 

RESULTS 

Between October 1995 and February 1 998, 56 patients with 
small nodular lesions in the peripheral lung that were less than 
2 cm in diameter visited the Kanagawa Cancer Center. Fifteen 
of the patients were diagnosed with lung cancer cytologically by 
bronchoscopic examination, and eight of them did not receive a 
definite diagnosis and did not undergo surgical resection. The 
other 33 patients, for whom transbronchial examination did not 
reveal lung cancer cytologically although definite diagnosis was 
made later by surgical resection, entered the present study. The 
diameter of the lesion was less than 2 cm, and there was no 
lymph node swelling on chest CT for all of the 33 patients. The 
patient characteristics are shown in Table 1 . The diameter of the 
lesion was between 1.5 cm and 1.9 cm for 8 patients, between 
1 .0 cm and 1 .4 cm for 1 6 patients, and less than 1 .0 cm for 9 
patients. In all of the 33 cases, lung cancer was suspected based 
on the radiological findings, and the lesion was resected. The 
diagnoses were 20 cases of adenocarcinoma, 5 of focal fibrosis, 
5 of pneumonia, 1 of tuberculosis, 1 of hamartoma, and 1 of 
lymph node swelling (Table 2). Data for K-ras mutation in 
BALF cells in four representative patients are shown in Fig. 1 . 
Only normal K-ras was observed after the first amplification 
and digestion with the restriction enzyme for all of the four 
patients. We detected mutation in K-ras in the BALF cells from 
two patients after the third amplification and digestion with the 
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No. of PCR 
Patients 



3rd amp. 



1 st amp. 



1 4 



control 



T 




mutation (192 bp) 
normal (163 bp) 

Fia 1 PCR-PIREMA analysis of BALF cell lysates. 1st amp., PCR products of the first amplification (30 cycles) after digestion with i &/NI 3rd 
al VCK v^of "e enriched screening Lp (three PCR amplifications followed by digestion with AMI: there were 10, 20, and 34 cycles in 
7efinxsJZ± and third amplifications, respectively.) The results for BALF cells from four representative pati ^ are shown^Onty the normal 
163 bp baTwas observed a J the first ampufication in all of the cases, but a mutated K-ras 192-bp band was detected after the third amplification 
in cases 1 and 4. The diagnoses were adenocarcinoma (cases J and 4) and pneumonia (cases 2 and 3). 



Table 3 Prevalence of K-ras codon 1 2 mutations in small 

pulmonary lesions by diagnosis 
Detection of k-ras mutation in lung cancer was significantly higher 
than that in nonmalignancy (P = 0.012). . 



No. of cases 



Diagnosis 



Mutation (%) 



Normal (%) 



Lung cancer 0 
Nonmalignancy 



15(75) 
4 ft (31) 



5 (25) 
9(69) 



° Adenocarcinoma (20). 

* Focal fibrosis (3), pneumonia (1). 



restriction enzyme. The lesions of the two patients with mutated 
K-ras were adenocarcinoma, and those of the other two patients, 
with normal K-ras, were pneumonia. The K-ras mutation results 
for all of the 33 patients are shown in Table 3. Only normal 
K-ras was observed after the first amplification and digestion 
for all of the 33 samples, and three sequential amplifications and 
digestions were performed for all of the samples. We detected 
mutation of K-ras in the BALF cells from 15 of the 20 lung 
cancer patients (75%) and in cells from only 4 of the 13 patients 
without a malignant lesion (31%). The nonmalignant lesions 
with a K-ras mutation were three cases of focal fibrosis and one 
of pneumonia. The detection rate of K-ras mutation in lung 
cancer was significantly higher than that in nonmalignant 
lesions (P « 0.012). 

DISCUSSION 

PCR-PIREMA is easily applied to BALF cells from pa- 
tients undergoing diagnostic bronchoscopy as reported by Mills 
et al (4, 7), and this method was reported to detect ras mutations 
at a higherrate than other methods. PCR-PIREMA has detected 
ras mutations in 46% of adenocarcinomas of the lung and 
defected one mutated allele in K-ras per 10 6 normal alleles. 
Most small lung cancers treated at our hospital are adenocarci- 
nomas, and all of the lung cancer patients included in the present 
study had adenocarcinoma. Therefore, we examined whether 
detection of K-ras mutation using PCR-PIREMA aids the diag- 
nosis of small pulmonary lesions. 

Many genetic changes have been identified in lung cancer, 
but little is known about the chronology of their development. 
Some genetic changes may represent early activation events, 
whereas others are more likely to accompany late events related 
to invasion and metastasis. On the basis of the limited evidence, 



some investigators have suggested that in some human tumor 
types, including lung cancer, ras mutations may fall into the 
former category. The present study demonstrated that a codon 
12 K-ras mutation was present in 15 (75%) of 20 lung cancer 
cases, which is higher than the previously reported frequencies. 
We analyzed very small lung cancer lesions, which in all 20 of 
the cases were adenocarcinoma. Our results may indicate that 
the K-ras mutation occurs more frequently in the early stage of 
adenocarcinoma compared with advanced adenocarcinoma. 
Analysis of the K-ras mutation in small resected lung cancers of 
less than 2 cm in diameter will verity this hypothesis. 

Making cell lysates from BALF cells is easy and the PCR- 
PIREMA assay is rapid, nonradioactive, and readily adaptable to 
processing large numbers of clinical samples. The assay can also be 
used to detect all of the activating mutations of K-ras. However, 
three PCR amplifications are required to detect one mutant allele in 
lO^normal alleles, and there is a high misincorporation rate of Taq 
polymarase. One error occurs per 10 4 bases under standard PCR 
conditions. To mmmiize the PCR error, we used the protocol 
reported by Mills et al (4), but we decreased the cycle number for 
the first and second amplifications. 

Fifteen of 20 adenocarcinomas had a mutated K-ras in the 
BALF cells, which is significantly higher than the mutated 
K-ras frequency that we saw in patients with nonmalignant 
lesions (4 of 13). Therefore, the detection of mutated K-ras in 
BALF cells may indicate lung cancer of the target lesion in spite 
of a pathological or cytological negative finding. K-ras mutation 
was detected in BALF cells from four patients with nonmalig- 
nant lesions: three had focal fibrosis, and one had pneumonia. 
Atypia of cells was observed in a lesion removed from one the 
focal fibrosis patients, and active inflammation was observed in 
the lesion from the patient with pneumonia. Therefore, a K-ras 
mutation may present in nonmalignant lesions such as atypia 
and active inflammation, and the detection of a K-ras mutation 
does not always correlate with cytological detection of cancer 
cells. Nevertheless, the frequency of a K-ras mutation in BALF 
cells is about 2.5 times greater in cases of lung cancer, and, 
therefore, the K-ras mutation in BALF cells is a clinically useful 
biomarker for lung cancer. In conclusion, detection of a K-ras 
mutation in BALF cells using PCR-PIREMA aids the diagnosis 
of lung cancer in patients with small pulmonary lesions. Our 
results suggest that surgical resection should be considered for 
patients with a K-ras mutation in their BALF cells even if the 
cytological finding is negative. 





620 K-ray Mutation for Lung Cancer Diagnosis 



REFERENCES 

1. Minna, J. D. Cancer of the lung. In: V. Devita, Jr., S. Hellman, and 
S. A. Rosenberg (eds), Cancer: Principles and Practice of Oncology, pp. 
591-705. Philadelphia: Lippincott, 1989. 

2. Sidransky, D., Tokino, T., Hamilton, S. R., Kinzler, K. W., Levin, B., 
Frost, P,, and Vogelstein, B. Identification of ras oncogene mutations in 
the stool of patients with curable colorectal tumors. Science (Washing- 
ton DC), 256: 102-105, 1992. 

3. Sidransky, D., Von Eschenbach, A., Tsai, Y. C, Jones, P., Summer- 
hayes, I., Marshall, F., Paul, M., Green, P., Hamilton, S. Frost, P., and 
Vogelstein, B. Identification of p53 gene mutations in bladder cancers and 
urine samples. Science (Washington DC), 252: 706-709, 1991. 

4f-Milis, N. E., Fishman, C. L., Scholes, Anderson, S. E., Rom, 
W. R, and Jacobson, D. R. Detection of K-ras oncogene mutations in 



bronchoalveolar lavage fluid for lung cancer diagnosis. J. Natl. Cancer 
Inst., 87: 1056-1060, 1995. 

5, Mao, L., Hruban, R. H., Boyle, J. O., Tockman, M„ and Sidransky, 
D. Detection of oncogene mutations in sputum precedes diagnosis of 
lung cancer. Cancer Res., 54: 1634-1637, 1994. 

6. Rodenhuis, S., and Slebos, R. J. Clinical significance of ras onco- 
gene activation in human lung cancer. Cancer Res., 52 (Suppl. 9); 
2665s-2669s, 1992. 

7, J|py|^ Rom, W. N., Dubin, N., and Jacobson, 
D. K Increased prevalence of K-ras oncogene mutations in lung ade- 
nocarcinoma. Cancer Res., 55: 1444-1447, 1995. 

8. Jacobson, D. R., and Mills, N. E. A highly sensitive assay for 
mutation ras genes and its application to the study of presentation and 
relapse genotypes in acute leukemia. Oncogene, 9: 553-563, 1994. 



\ 





EXHIBIT 4 



1810-1818 Nucleic Acids Research, 1999, Vol. 27, No. 8 © 1999 Oxford University Press 

Nucleotide analogs facilitate base conversion with 
3' mismatch primers 

Joseph P. Day, Donald Bergstrom 1 , Robert P. Hammer 2 and Francis Barany* 

Department of Microbiology, Box 62, Hearst Microbiology Research Center, Strang Cancer Prevention Center, 
Joan and Sanford I. Weill Medical College of Cornell University, 1300 York Avenue, New York, NY 10021, USA, 
1 Department of Medicinal Chemistry and Molecular Pharmacology, Purdue University, West Lafayette, IN 46208, 
USA and department of Chemistry, Louisiana State University, Baton Rouge, LA 70803, USA 

Received as resubmission January 19, 1999; Revised and Accepted February 18, 1999 



ABSTRACT 

We compared the efficiency of PCR amplification using 
primers containing either a nucleotide analog or a 
mismatch at the 3' base. To determine the distribution 
of bases inserted opposite eight different analogs, 3' 
analog primers were used to amplify four different 
templates. The products from the reactions with the 
highest amplification efficiency were sequenced. 
Analogs allowing efficient amplification followed by 
insertion of a new base at that position are herein 
termed 'convertides'. The three convertides with the 
highest amplification efficiency were used to convert 
sequences containing C, T, G and A bases into 
products containing the respective three remaining 
bases. Nine templates were used to generate conversion 
products, as well as non-conversion control products 
with no base change. We compared the ability of 
natural bases to convert specific sites with and without 
a preconversion step using nucleotide analog primers. 
Conversion products were identified by a ligation 
detection reaction using primers specific for the 
converted sequence. We found that conversions 
resulting in transitions were easier to accomplish than 
transversions and that sequence context influences 
conversion. Specifically, primer slippage appears to be 
an important mechanism for producing artifacts via 
polymerase extension of a 3' base or analog transiently 
base paired to neighboring bases of the template. 
Nucleotide analogs could often reduce conversion 
artifacts and increase the yield of the expected 
product While new analogs are needed to reliably 
achieve transversions, the current set have proven 
effective for creating transition conversions. 

INTRODUCTION 

Highly sensitive assays that detect low abundance mutations rely 
on PCR to amplify the target sequence. However, a non-selective 
PCR strategy will amplify both mutant and wild-type alleles with 
approximately equal efficiency, resulting in low abundance 



mutant alleles comprising only a small fraction of the final 
product If the mutant sequence comprises <25% of the amplified 
product, it is unlikely that DNA sequencing will be able to detect 
the presence of such an allele. Although it is possible to accurately 
quantify low abundance mutations by first separating the PCR 
products by cloning and subsequently probing the clones with 
allele-specific oligonucleotides (ASOs) (1—3), this approach is 
time consuming. In contrast to the above, allele-specific PCR 
methods can rapidly and preferentially amplify mutant alleles. 
For example, multiple mismatch primers have been used to detect 
W-ras mutations at a sensitivity of one mutant in 10 5 wild-type 
alleles (4) and claims as high as one mutant in 10 6 wild-type 
alleles have been reported (5,6 ). However, careful evaluation 
suggests these successes are limited to allele-specific primers 
discriminating through 3' purine-purine mismatches. For the 
more common transition mutations, the discriminating mismatch 
on the 3' primer end (i.e. G:T or C:A mismatch) will be removed 
in a small fraction of products by polymerase error during 
extension from the opposite primer on wild-type DNA. There- 
after, these error products are efficiently amplified and generate 
false positive signal. One strategy to eliminate this polymerase 
error problem is to deplete wild-type DNA early in PCR. 

Several investigators have explored selective removal of 
wild-type DNA by restriction endonuclease digestion in order to 
enrich for low abundance mutant sequences. These restriction 
fragment length polymorphism (RFLP) methods detect approx- 
imately one mutant in 10 6 wild-type or better by combining the 
sensitivity of polymerase with the specificity of restriction 
endonucleases. One approach has used digestion of genomic 
DNA followed by PCR amplification of the uncut fragments 
(RFLP-PCR) to detect very low level mutations within restriction 
sites in the H-ray and p53 genes (7,8). Similar results have been 
obtained by digestion following PCR and subsequent amplification 
of the uncleaved DNA now enriched for mutant alleles (PCR- 
RFLP) (9-11). Although sensitive and rapid, RFLP detection 
methods are limited by the requirement that the location of the 
mutations must coincide with restriction endonuclease recognition 
sequences. To circumvent this limitation, primers that introduce a 
new restriction site have been employed in 'primer-mediated RFLP' 
(12-17). However, subsequent investigators have demonstrated 
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Figure t. Conversion facilitated by nucleotide analog preconversion. A C:G base pair in a sequence is targeted for conversion to a T: A base pair. Rather than using 
a 3' natural base mismatch primer to attempt direct conversion, a nucleotide analog (Qg) primer is used for p reconversion. The Q$ analog reads the G base well and 
allows polymerase to efficiently extend from the 3* Q$ primer. During PCR, the reverse primer anneals to the PGR product and is extended by polymerase to 
synthesize the opposite strand When polymerase reaches the Q$ analog in the template, polymerase writes A (or G; not shown) opposite the analog and continues 
synthesis of the strand. After a few cycles, a pool of products is made with degenerate sequence opposite the analogs. A natural base primer is then added to selectively 
amplify the products having the desired base change. 



that errors are produced at the very next base by polymerase 
extension from primers having 3' natural base mismatches 
(1 8-20). Such templates fail to cleave during restriction digestion 
and amplify as false positives that are indistinguishable from true 
positive products extended from mutant templates. 

Use of nucleotide analogs may reduce errors resulting from 
polymerase extension and improve base conversion fidelity. 
Nucleotide analogs that are designed to base pair with more than 
one of the four natural bases herein are termed *convertides\ Base 
incorporation opposite different convertides has been tested (2 1 ). 
For each analog, PCR products were generated using Taq 
polymerase and primers containing an internal nucleotide analog. 
The products generated showed a characteristic distribution of the 
four bases incorporated opposite the analogs. Of significance, 
these products retained the original sequence at all natural base 
positions. Convertides readily form degenerate amplification 
products by virtue of their ability to assume different hydrogen 
bonding patterns through either tautomeric shift (22), bond 
rotation (23) or base stacking (24,25). Thus, PCR primers 
containing convertides may be used to facilitate base conversion. 
In principle, using the 67/,8/f-3,4-dihydropyrirriido[4,5-c][l^]- 
oxazine-7-one analog (Qe), which is known to exhibit both the 
C-Hke and T-like tautomeric forms at the 3'-end of the primer 
(22), a C-G base pair may be converted to a T-A base pair (Fig. 1 ). 
Due to the better geometry, DNA polymerases may 'read* or 
extend better from a Qe'G pair than a T*G mismatch (wobble base 
pair). Similarly, DNA polymerases may 'write* or incorporate 
both G and A bases opposite Qe (26), whereas A is always 
inserted opposite a T base. Thus, the Q$ analog primer serves as 
an intermediary, providing a 'preconversion* step before a natural 
base primer is added to selectively amplify the desired product 
from the degenerate pool. While nucleotide analogs have great 
potential, they have not been tested in high sensitivity assays. 

We synthesized several PCR primers containing one of eight 
different nucleotide analogs at the 3'-end (Fig. 2). PCR extension 




Figure 2. Nucleotide analogs used in PCR primers. In the final deprotected 
oligonucleotide, the name of the nucleoside containing the base analog shown 
is; Qi, 1 ^2'-deoxy-f^i>nTx>furarKDsyI)ir^ Q2, l-(2'-deoxy- 

p^r>riboruranosyl)-3-nitropyrrole; Q 5> 2'-deoxyinosine; 6-{2'-deoxy-p-D- 
ribofuranc^r)^//,8//-3,4^ Qj t 2- 

amino-7^2'-deoxy-J^DHribof Q I6( l-(2'^eoxy- 

(^D^bofurOTo^l^iodopyrazole; Qig, K2'-deoxy-p^r>nTx)finar«)syl)pyrrole- 
3-carboxamide; Q19, H2'Kleoxy-p^-r>ribofuranc^l)^nitropvrazole. Base 
analogs (Q) are attached to the 1' position of deoxyribofuranose. The nucleoside 
analogs are attached to the controlled pore glass (CPG) column via a succinoyl 
linker (R, linker to CPG). The oligonucleotide is synthesized from the 
5 '-hydroxy 1 after removal of the dirnethoxytrityl (DKfT) protecting group, 
placing the analog at the 3 '-end After cleavage from the CPG column and 
deprotection, the oligonucleotide is extended by polymerase from the 3' base 
analog hydroxyl group (R ~ H). 



efficiency and fidelity were measured and the mutations in PCR 
products identified by sequencing and ligation detection reaction 
(LDR) (27-29). We found that primer-mediated RFLP-PCR 
using natural base 3' mismatch primers is prone to high levels of 
misextension errors. Specific misextension errors in each reaction 
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were quantified in the range 0.1-100% using LDR (30). 
However, conversion fidelity could be significantly improved if 
preconversion with 3' converude primers was performed. 

MATERIALS AND METHODS 

Oligonucleotide synthesis 

Oligonucleotides were synthesized at the 0.2 umol scale by 
cyanoethyl phosphoramidite chemistry on an Applied Biosys- 
tems 394 DNA synthesizer. Standard 500 A CPG columns and 
reagents (Applied Biosystems) were used with the following 
exceptions. Oligonucleotides 50 bases in length were synthesized 
using wide pore 1000 A CPG columns (Applied Biosystems). 
Oligonucleotides with fluorescent dye FAM at the 5 '-terminus were 
synthesized using FAM phosphoramidite (Applied Biosystems) 
with a 15 min coupling step. Oligonucleotides with 5' phosphate 
were synthesized using phosphorylation reagent (Glen Research) 
with a 15 min coupling step. Oligonucleotides with 3' blocking 
group were synthesized using 3 '-Spacer CPG columns (Glen 
Research). Oligonucleotides with the 3' nucleotide analogs 
2'-deoxyinosine (Q 5 ), 6^2^xy-^r>rirjofuranosyl>^//,8H-3^ 
dftiyaropyrirmdo[4,5^][l^]oxazine-7-one (Q^) and 2-amino-7- 
(2'-deoxy-p-r>rito)furanosyl)-^ (Q7) were 

synthesized using 2'-deoxyinosine-CPG, dP-CPG and dK-CPG, 
respectively (Glen Research) (Fig. 1). The oligonucleotide 
primers containing Qi, Q 2 and Qi 8 at the 3'-position were 
synthesized from Qi-, Q2- and Qi 8 -derived CPG synthesized 
from Qi (31), Q2 (24) and Qig (25) by the method of Pon et al. 
(32). Details of the synthesis of the iodopyrazole (Che) and 
nitropyrazole (Q19) nucleosides will be reported separately. 

PCR polymerases and buffers 

The DNA polymerases used were AmpliTa?, AmpliTaq Stoeffel 
Fragment, AmpliTaq Fluorescent Sequencing (Applied Biosys- 
tems), Vent and Venttexo-) (New England Biolabs) and Expand 
polymerase mix {Taq and Pfu polymerase mixture, in Expand 
High Fidelity kit; Boehringer Mannheim). The commercially 
available PCR buffers used were supplied in the AmpliTaq and 
Expand High Fidelity kits. An alternative buffer, CiNF, is 
described elsewhere (33). Briefly, CiNF reactions contain 20 rnM 
citrate, pH 7.6, 200 pg/ml bovine serum albumin, 2.5 mMMgCl2, 
200 |iM dNTP (each) and either 16 mM (NH4) 2 S0 4 or 50 rnM 
potassium acetate, 10% formamide, primers and template DNA. 
All PCR and LDR reactions described below were performed 
under paraffin oil 

Mismatch extension efficiency 

Primers containing natural bases and nucleotide analogs were 
used in PCR to measure the efficiency of product formation from 
synthetic duplex p53 exon 7 templates having Mspl (CCGG), 
Taql (TCGA), Hhal (GCGC) or Ta& (ACGT) sites at the Mspl 
position containing codon 248. The primers hybridized to 
wild-type sequence on either side of the Mspl site with the 3'-ends 
of the primers extending one base into the site on each side 
(Fig. 3 A). Eight different analogs and the four natural bases were 
tested in parallel reactions on each of the four synthetic templates. 
PCR was performed using Taq Stoeffel Fragment or Taq 
Fluorescent Sequencing polymerases with the buffer supplied for 
each polymerase. We used 10 pmol of each primer and 20 frnol 




of duplex template, 0.2 mM each dNTP and 4 mM MgC^. 
Parallel reactions underwent 10, 20, 30, 40 and 50 PCR cycles of 
94°C for 15 s, 65 °C for 1 min. Efficiency and yield were 
determined from samples run on 3% agarose gels and stained with 
ethidium bromide. 

Mismatch conversion product sequencing 

Products most efficiently amplified by each analog were diluted 
1000-fold in water. The diluted DNA products were reamplifled 
for 20 cycles of 94°C for 15 s, 65°C for 2 min using the same 
polymerase and buffer as in the previous PCR, but with the 
addition of 10 pmol of 'zipcode' -containing primers p53zip248 
and p53zip248R (Fig. 3 A). Zipcode sequences are oligonucleotides 
with no known sequence similarity to DNA sequences in any 
organism. Amplification with zipcode primers is intended to 
specifically amplify the zipcode-containing products of the 
previous PCR, i.e. only converted DNA (containing zipcodes) 
and not the nearly identical unconverted DNA (lacking zipcodes) 
will be amplified Conversion products were run on 3% agarose 
gels and bands of the expected size excised. DNA was extracted 
from the gel slices by ccntrifugation in a 235C microcentrifuge 
(Fisher) for 30 min through a 0.45 \im HVLP filter (Millipore). 
The conversion product was dried and resuspended in ABI Dye 
Terminator Cycle Sequencing reaction mix with one of the 
zipcode primers according to kit instructions (Applied Biosystems). 
An equal volume (3 pi each) of sequencing reaction was 
combined with dye mix consisting of 83% formamide (Eastman), 
4 mM EDTA and 8 mg/ml Blue Dextran (Sigma). Samples were 
electrophoresed on a 7 M urea-10% acrylamide gel (19:1 bis, 
0.6x TBE in gel and running buffer) in an ABI 373 DNA 
Sequencer. Data were analyzed using ABI 3 73 A DNA Sequencer 
Data Analysis software v. 1.2.0. 

Conversion product identification 

Conversion fidelity was tested using nine different synthetic 
templates, with and without preconversion using three primers 
containing Q5, and Q7 (see Oligonucleotide synthesis). 
Preconversion PCR was performed with 3' analog primers prior 
to adding the desired natural base primers, in an effort to avoid 
mismatch primer extension. The 50 bp duplex DNA templates 
contained the wild-type p53 sequence surrounding codon 248 
(Fig. 3B), except for the bases corresponding to the Mspl site 
(CCGG). The following sequences were substituted at the Mspl 
position: 1) CCGG (wild-type); 2) CTGG; 3) CGGG; 4) CAGG; 
5) TCGA; 6) GCGC; 7) ACGT; 8) ACGT; 9) GCGC. Preconver- 
sion was performed with hot start using 50 finol/pl p53-248Qn 
and p53-248QnR primers and Vent(exo-) in CiNF buffer and 
10 finol/ul of duplex template. Preconversion used two PCR 
cycles of 94°C for 15 s, 55°C for 1 min, 60°C for 1 min. Product 
was stored at 4°C. Conversion reactions were started with 1 pj of 
preconversion reaction containing the same polymerase and 
buffer, but no additional template. Each reaction required 10 pmol 
of each primer, using one of the four pairs p53zip248N and 
p53zip248MR Qi = C, T, G or A). Parallel conversion reactions 
with no preconversion were initiated with a hot start by adding 
10 frnol of synthetic duplex template instead of preconversion 
reaction aliquot. PCR cycles were as follows: five cycles of 94°C 
for 15 s, 55 + 1 °C/cycle for 1 min, 60°C for 1 min; 20 cycles of 
94°C for 15 s, 60°C for 2 min. A final extension was performed 
at 60 °C for 5 min. Polymerase was inactivated by freezing and 
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Primers 

Ztop 

p53zip248 
p53-248X 

50 bp synthetic 
duplex DNA 



P53-248XR 

p53zIp248R 

Zbot 



oockmS4& 

err goa coti err cat acg c ^ 
CTT GSA CGA ott cat acq cot TCC TOC MG GGC GGC ATG A 

T TCT TCC TGC ATG OGC OGC ATG XAX >pO/ 

It III HI III 111 in in in 



B 



Prlmara 

p53*ip248T 
p53-248Q N 

50 bp synthetic 
duplex DMA 



p53-248Q N R 
p53zip24eTR 
Zbot 



3 ' CA AOG AOC TAC CCO CCC TAC TTO GCC TCC GOG TAG GAO TGO TAG TAG TOT 5 * { - ) 

5 ' GT TCC TGC ATG GGC OGC ATG AAC CflO AGO CCC ATC CTC ACC ATC ATC ACA 3 ' (+ ) 

t Ml HI Mi III III III III lit 
pOt*—X TCC GOG TAG GAG TGG TAG TAG TCT T 

C OOG TAG GAS TOO TAG TAG TGC ACC OCT GOG TCA AAC G 

C ACC OCT GOG TCA AAC G 



cotton 24S 

i 

CTT GGA CGA GTT CAT ACG C I 
CTT GGA CGA CTT CAT ACG CGT TCC TCC ATC GGC GGC ATG AAT 

T TCT TCC TGC ATG GGC GGC ATG AAQfc-+p07 
II III 111 III III III 111 II* 



3 * CA AGO AGC TAC CCC CCC TAC TTO GCC TCC GOG TAG GAG TOC TAG TAG TCT 5 ' (- ) 

5 *CT TCC TGC ATG GGC GGC ATG AAC CQB AGG CCC ATC CTC ACC ATC ATC ACA 3 ' («-) 

I III lit til III lit 111 III Ml 
pok-Q* TCC ORG TAG CAC TGC TAG TAG TCT T 

T TCC GGG TAG GAG TGG TAG TAG TGC ACC GCT GGS TCA AAC G 

C ACC GCT GGG TCA AAC G 



LDR Primers 

p53LDR246FCA 
pS3LDR248FCG 
p53LDR248FCT 
p53LJDR246FCC 

p53LDR248PGG 

conversion 
products 



Discrimination 

F-AAAAAA GC ATG GOC OGC ATG AAC A 
F-AAAA GC ATG GGC GGC ATG AA£ 
F-AA GC ATG GGC GGC ATG AA£ J 



F- GC ATG GGC GGC ATG AAC £ y-ltgase 



Common 



(-strand) 



GG AGG CCC ATC CTC ACC ATC AT-block 
|| (II III 111 III 111 111 III III III III III III II 



5' 



GTA TGC GCA AGG ACG TAC 000 CCG TAC TTQ HOC TCC GGG TAG GAG TGG TAG TAG TGA ACC. . . 



F1eur«3 Primers used in mismatch extension and PCR/LDR. Complimentary (- strand) sequences are shown iii reverse orientation (3 -+50, e.g. reverse strand primers 
{ nines endme in R) (A) One of nine different synthetic 50 bp duplex templates is shown melted with primers aligned to complementary ^sequence. Pnmer extension 
^rfoTed using 3' natural base and nucleotide analog primers (p53-248X and P 53-248XR). Some extension products were reampl.fied using truncated z.pcode 
rXiers d53zk>248 and P 53zip248R and sequenced using one of the zipcode primers (Ztop or Zbot). (B) Preconversion was performed on nine different 50 bp synthetic 
duZTtenilltes using 3' nucleotide analog primers, e.g. p53-248Q 6 and p53-248Q 6 R. Conversion, with or without pre«*version, was ^^^^^P"^ 
containing the 3' natural base, e.g. primers P 53zip248T and P 53zip248TR. These conversion products were reamphfied using zipcode primers and identified by LDR. 
^LDRon^ sets were designedtoid^ 

Perfectly corrmlcrnentary upstream and downstream LDR primers with no overlap or gap iigate with high specificity. Discrimination printers had different length 5 



thawing twice. Products were diluted lOx in water and reamplified 
by adding 1-20 |jJ of Expand polymerase and buffer met. PCR 
was performed for 20 cycles (30 cycles for low yield reactions) 
of 94°C for 15 s, 65°C for 2 min using 12 pmol of zipcode 
primers Ztop and Tbot (Fig. 3). LDR was performed as described 
below to identify the conversion products generated. 

Ligase detection reaction 

Ligase detection reactions were performed in standard LDR 
buffer (25 mM Tris pH 7.6, 12 mM MgCl 2 , 65 pg/ml bovine 
serum albumin, 100 mM KC1 and 10 mM DTT). Each 20 pi 



reaction contained -500 frnol of dsDNA (1 pi of PCR sample), 
500 frnol of each discrimination primer and 750 frnol of common 
primer (Fig. 3C). Sets of discrimination and common primers 
were synthesized to perform LDR on the expected conversion 
products and varied at the bases (Bj) corresponding to the Msp\ 
position sense strand (BiB 2 B 3 B 4 = CCGG for wild-type). The 
discrimination primers had wild-type sequence and terminate in 
-BiB2(-OH-3 / ). The discrimination primers were synthesized as 
a set of four primers each with C, T, G and A in turn at Bj. The 
common LDR primers had (5'-PC>4-)B3B4- followed by wild- 
type sequence and hybridized to the template with its 5' base 
adjacent to the 3' base of a discrimination primer. Discrimination 
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primers varied the 3'-terminal base to identify error products at B2 
of the Mspl position. For simplicity, only B2 was monitored. LDR 
primers matched the expected conversion products; for example, 
conversion of -CCGG- template to -ACGT- required discrimination 
primers ending in -AC, -AT, -AG and -AA and a common primer 
with 5'-pGT-. Discrimination primers had 5' tails of different 
length and a FAM label for fluorescence detection. The tail length 
allowed physical separation of different LDR products on an 
acrylamide gel and thus identification of the LDR products. 

LDR reactions were preincubated for 1 .5 min at 94 °C prior to 
the addition of 5 nmol Tth ligase, followed by 10 LDR cycles of 
94°C for 15 s, 65 °C for 2 min and a final hold briefly at 94°C. 
Reactions were cold quenched and stored at -70 °C The LDR 
products were separated on 10% acrylamide gels containing 7 M 
urea, with 0.6x TBE (ix TBE is 90 mM Tris base, 90 mM borate, 
2 mM EDTA) in the gel and running buffer. Data were collected 
using an ABI 373 DNA sequencer with Genescan 672 software. 

Image processing 

Gel pictures were produced by the ABI 672 Analysis software. 
Dye-specific images were opened in Adobe Photoshop 3.0, 
cropped, resized and converted to grayscale. The grayscale 
images were opened in NIH Image 1 .59, inverted and 1 D vertical 
background was subtracted. The background subtracted images 
were reinverted and rendered in pseudocolor by Photoshop to 
make intensity differences easier to compare. Except for color 
replacement, only linear image processing was performed to 
preserve relative intensities* 

RESULTS AND DISCUSSION 

Initial experiments were designed to determine the efficiency of 
generating PCR products when using primers containing 3 '-terminal 
nucleotide analogs (Materials and Methods). Eight different 
analogs were designed to pair with more than one of the four 
natural bases in order to convert one base to another base at a 
specific position in a sequence. Primer pairs containing either a 
nucleotide analog or one of the four natural bases at their 3'-ends 
were used to amplify four different templates (Fig. 3A). Each 
nucleotide analog and natural base was mispaired (or paired) in 
turn with all four natural bases on the opposite strand and 
amplification was attempted with either Taq Stoeffel Fragment or 
Taq Fluorescent Sequencing polymerases. The relative amplification 
efficiency was determined by the number of cycles required to 
generate visible product on an ethidium bromide stained agarose 
gel (Table 1 ). We found that both Taq Stoeffel Fragment and Taq 
Fluorescent Sequencing polymerases produced comparable 
amounts of product (data not shown). Perfectly matched natural 
base primers generated visible product after 10 cycles, however, 
some analog primers generated no product after 50 cycles. The 
analogs that did amplify with high efficiency were those that were 
best able to *read* the opposite strand sequence (Fig. 1). 

One product for each analog (as well as the natural base 
controls) was reamplifed and sequenced to determine polymerase 
preference in inserting nucleotide bases opposite the analog 
(Table 1). We found that the Qi, Q 5 , Qe, Qie and Q 18 primers 
generated detectable true conversion product, however, only Q5 
primers generated almost exclusively true conversion product. 
No single analog functioned as a 'universal base' (26) capable of 
generalized conversion. Unexpectedly, some products contained 
sequences that were difficult to read across the middle four bases, 




suggesting single base insertions or deletions occurred during 
PCR extension. This was especially prevalent in products 
generated from mismatched natural bases (see below). 



Table 1. Extension efficiency and conversion with 3' natural base and 
nucleotide analog primers 



Primer 


TCGA 


CCGG 


GCGC 
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3' base 


template 


template 


template 
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writes 


writes 
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writes 
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(±) 3 




<±r 
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Ql9 


A(++)* 


(-) 




(±y 
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a Low product yield. 

Four different templates were used to test primer extension from a 3' base or analog 
paired in turn with A, G t C and T. Relative efficiency was determined by the 
number of cycles required to generate visible product with Taq Stoeflel Fragment 
polymerase: (+++), 1 0 cycles; (++), 20 cycles; (+), 30 cycles; (±\ 40-50 cycles; (~\ 
no product. Two of the natural base mismatch primer products were sequenced. 
Generally, the most efficiently amplified template for each analog was reamplified 
with truncated primers and sequenced to determine which bases are written opposite 
each analog. In one case (Qi) a lower efficiency extension product with higher 
yield was selected for sequencing. Mixed base writing preference for some analogs 
is indicated, with most frequent product listed first. 

To test the ability of convertides to reduce mismatch extension 
errors, we assessed the effects of preconversion PCR cycles on 
fidelity. PCR products generated from template amplified with 
only natural base conversion primers were compared to products 
resulting from two initial PCR cycles using convertides followed 
by selective amplification using specific natural base primers. We 
performed preconversion PCR with primer pairs containing Q5, 
and Q7 analogs, since these convertides had been shown to be 
the most efficiently extended. To improve overall PCR fidelity 
and 3' mismatch primer extension, CiNF buffer (Materials and 
Methods) was used (33). Nine different synthetic duplex 
templates containing mutated Mspl sites were amplified with or 
without preconversion using 3' analog preconversion primers. 
Both natural base conversion primers and 3' analog preconversion 
primers were designed to manipulate the outside bases CCGG of the 
Mspl position (Fig. 3). Some conversions were intended to serve as 
controls. In these cases, the original bases in the template were either 
restored after analog preconversion or never changed with full- 
length perfect match primers. All steps were performed identically 
between preconversion and non-preconversion reactions, except 
that preconversion reactions used as template the product of two 
cycles of convertide PCR for succeeding rounds of amplification, 
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Figure 4. Conversion by natural base and Qe convertide. Conversion products 
from nine templates were detected by PCR/LDR (Materials and Methods). 
Each template was a 50 bp synthetic duplex DN A of identical sequence except 
for the central four bases which have the sequence indicated Conversion 
occurred within these four bases. The expected conversion products produced 
by starting with the conversion primers having the indicated 3' natural base or 
convertide are shown. (A) Conversion of the first base to C with and without 
Q6 precon version. (B) Conversion of the first base to T with and without Q$ 
preconversion. 



while synthetic duplex served as the starting material for PCRs 
with no preconversion. In both cases, 3' natural base primers were 
used to selectively amplify the desired end product These 
primers contained non-hybridizing zipcode sequences on their 
5'-ends (Materials and Methods), which ultimately served as 
primer binding sites for the final 20-30 cycles of PCR (Fig. 3B). 
Conversion products were quantified by LDR (Fig. 3C). 

We found that overall, natural base mismatch conversion 
generated >80% incorrect conversion products (Fig. 4A, lane 9, 
and B, lanes 1, 3, 5, 7, 15 and 17), but preconversion could 
improve the fidelity and/or the yield of some conversions. In 
general, transversions were difficult to achieve even with 
preconversion. G-»C and A~>C conversion generated very little 
of the expected product with either the natural base or Q$ primers 
(Fig. 4A, lanes 1 1-14), Use of preconversion improved the 
yield of G-VT and A-»T conversion products (compare natural 
base conversion in Fig. 4B, lanes 1 1 and 13, with preconversion 
in lanes 12 and 14). In the case of transitions, C-»T conversion 
produced unexpected one base shortened artifacts with natural 



base mismatch primers on the CXGG templates (Fig. 4B, lanes 
1, 3, 5, 7, 15 and 17), but the correct products were generated 
when using Q$ preconversion (Fig. 4B, lanes 2, 4, 6, 8, 16 and 1 8). 
In addition, primers did improve the yield of the expected 
T-»C conversion product (Fig. 4A, lanes 9 and 10). The controls 
performed as expected: all C-»C and T-»T non-conversion 
reactions worked correctly without convertides (Fig. 4 A, lanes 1, 
3, 5, 7, 15 and 17, and B, lane 9) and the corresponding Q$ 
preconversion products were restored to the original sequence 
(Fig. 4A, lanes 2, 4, 6, 8, 16 and 1 8, and B, lane 10). In summary, 
Qe preconversion reduced or eliminated artifacts produced by 
natural base C— »T and T— »C conversion and facilitated transitions 
in general. Transversions were only partially successful: G— >T 
and A— >T conversions could be improved with preconversion, 
but G— »C and A— >C conversion could not be achieved 

Apparently correct conversions were observed with attempted 
C— >G and C-»A transversions, however, carefully designed 
control templates revealed that these * conversions' were artifactual. 
C-»G and C— >A conversion appeared to be successful for 
templates containing a central CpG dinucleotide (Fig. 5 A and B, 
lanes 1-3 and 13-21). However, the same final conversion 
products were observed with other templates lacking the central 
CpG dinucleotide, now clearly incorrect For example, a GCGC 
product resulted during G conversion in reactions where the 
expected product should have contained T, G or A in the second 
position (Fig. 5 A, lanes 4-12). Also, an A£GT product resulted 
during A conversion where the expected product should have 
inserted a non-C base in the second position (Fig. 5B, lanes 4-12 
and 22-27), The mismatch primers used to alter the outer bases 
of the recognition site did not reach the central dinucleotide, yet 
these bases were altered. It is doubtful the 'successful 1 conversions 
occurred through the intended mechanism and thus represent 
fortuitous artifacts. The yield of LDR product was low for two 
palindromic templates despite efficient PCR (Fig. 5A and B, 
lanes 22-27). These conversion reaction products presumably 
contain a large fraction of insertions or deletions, which cannot be 
detected by the current set of LDR primers. In summary, C— »G 
conversion was partially accomplished by both Q5 (Fig. 5A, 
lanes 5, 8, 1 1 and 23) and the natural base G (Fig, 5A, lanes 4, 7, 
10 and 22), however, preconversion does not appear to improve 
conversion. C— >G conversion exhibits sequence dependence. 

The results of the preconversion study indicate that errors in 
natural base conversion were prevalent, but the use of Q5, Q$ and 
Q7 convertides in preconversion reduced polymerase error in 
certain cases. In terms of conversion reactions, transitions were 
easier to accomplish than transversions. This is in agreement with 
previous findings. Newton et al. observed more errors in 
extension of primers with 3 '-terminal C-T, A* A and TT 
mismatches (transversions) than with purine-pyrimidine mis- 
matches (transitions) (34). In our hands, pyrimidme^yrimidine 
conversion usually generated the expected product, especially 
when using convertides. In cases of purine-pyrimidine and 
pyrimidine-purine conversion, incorrect products were often 
generated (summary of results in Table 2). Formation of incorrect 
conversion products can be explained in part by a transient base 
pair slippage of the primer 3' nucleotide (or analog) to a 
misaligned position on the template (Fig. 6). As a result, the 
sequence following the mismatch is not complementary to the 
original template. Consistent with this hypothesis is the observation 
of unreadable sequence immediately following the analog in our 
initial sequencing exrjeriments. Palindromic products, especially 
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Figure 5. Conversion by natural base and Q5 and Q7 convertidcs. Conversion products from nine templates were detected by PCR/LDR (Materials and Methods). 
Each template was a 50 bp synthetic duplex DNA of identical sequence except for the central four bases which have the sequence indicated. Conversion occurred within 
these four bases. The expected conversion products produced by starting with the conversion primers having the indicated 3' natural base or convertide are shown. 
(A) Conversion of the first base to G with and without Q5 or Q7 preconversion. (B) Conversion of the first base to A with and without Q$ or Q7 preconversion. 



CpG di nucleotides, are themselves prone to slippage and extension. 
We observed palindromic products were frequently produced from 
non-pal indromic templates. These artifacts were reduced by the 
presence of 10% formamide in the PGR buffer, presumably through 
destabilization of misaligned structures. Finally, nucleotide analogs 
produced fewer artifacts than natural bases. Different analogs 
produced different kinds and quantities of artifacts, perhaps 
according to their relative ability to base pair and stabilize a slippage 
misalignmenL Thus, if polymerase extension is slow from an analog 
poorly base paired with the template, extension from a strong 
transient base pair generated by slippage could exceed the rate of 
extension from a weakly base paired 3'-terminal base. 

As discussed earlier, PCR-RFLP has been widely used to 
detect rare mutations. A limitation of this technique is reliance on 



serendipity to yield mutations that can be modified to create 
restriction sites in either the wild-type or the mutant template. A 
second limitation imposed on this approach is the need to avoid 
using 3'4errninal mismatch primers, since extension from these 
primers is known to be error prone. To date, the majority of 
successful attempts have used interrupted palindromic restriction 
sites to avoid using S'-terminal mismatch primers. Mutations in 
the cancer-causing genes K-ras and U-ras were detected at a 
sensitivity of 1 in 10 5 using PCR-RFLP with interrupted 
palindromic enzymes Xmnl (9), AhvNl (35) and BsfNl or Mval 
(36,37). These PCR-RFLP experiments and others (18,38-42) 
avoid 3 / -terminal mismatches, however, most cancer mutations 
are in sequences that cannot be converted to interrupted 
palindromes, for example at CpG dinucleotides. 
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Table 2. Most effective conversion (Figs 4 and 5) 
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First base converted to 
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9CGCG 
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Q6 


X 
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"The 50 bp synthetic duplex DN A templates containing p53 sequence spanning 
cod on 248 are distinguished by the four bases replacing the Mspl site, which are 
shown. 

Nine duplex DNA templates were used in conversion reactions. Each contained 
sequence identical to p53 surrounding codon 248, except the Mspl site was replaced 
by a different four base sequence (B1B2B3B4). Bi and 84- (opposite strand) 
were simultaneously converted in turn to C, T, G and A either directly by PCR 
using natural base primers or by preconversion PCR with nucleotide analog 
primers followed by PCR with natural base primers. In non-conversion control 
reactions the 'conversion' product is identical to the original template. A natural 
base is used to indicate control reactions and cases in which preconversion did 
not improve conversion. Preconversion was performed using to facilitate 
conversion to C and T and using Q5 and Q7 to facilitate conversions to G and 
A. Conversion primers determine Bi and B4; LDR was performed to detect 
unintended base changes in (which ideally is unchanged after conversion). 
Conversion improved by preconversion is indicated by the nucleotide analog 
used. Preconversion equally as effective in control reactions as natural base 
primers is also indicated by the analog used Low conversion fidelity results in 
large B2 error. Major B2 error products are identified (e.g. err C indicates C at B2) 
and the absence of correct product indicated no conversion method was successful 
(X, no correct product). Apparently correct product probably formed through 
a fortuitous mechanism is indicated (FP, false positive). 



A larger fraction of mutations would be made into targets for 
detection if contiguous recognition sequences could be introduced 
with as few errors as interrupted palindromic recognition 
sequences. Currently, contiguous restriction sites are introduced 
by terminal 3' mismatch primer extension, which is prone to 
errors. O'Dell et al tested a general method for introducing 
different restriction sites at CpG dinucleotides using mismatch 
PCR ( 1 9). The outer bases of four different CpG dinucleotides in 
the human LDL receptor gene were altered to create Taql 
(TCGA), Mspl (CCGG) or Hha\ (GCGC) sites. In these targets, 
Taql sites were successfully generated by 3' T mismatch primers. 
The method was able to detect homozygous and heterozygous 
individuals, however, the ratio of products representing each 
allele was not equal, as is expected in germline mutations. We 
have shown several cases where T mismatch conversion failed to 
create a Taql site, thus the method is sequence dependent O'Dell 
et al. found that C and G mismatch conversion failed. We agree 
with their conclusion that stronger base pairing leads to misprinting, 
possibly through stabilization of primer slippage on the template. 
Gotoda et al claim to have successfully used PCR-RFLP to 
introduce an Maell site (ACGT) by extension of a 3' OA 
mismatch to produce a T-»C transition (43). Athma et al used 
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Figure 6. Fidelity of polymerase extension. Primer slippage accounts for many 
of the observed products of extension (Figs 4 and 5). (A) Perfectly 
complimentary primer gives correct product (B) T:G mismatch at the second 
base explains TGGA (or TGCA) product (C) Extension from a Q 6 :G pairing 
with no slippage on the minus strand of the CCGG template (followed by 3' T 
conversion primers) resulted in the expected TCGA product (D) Extension 
from a Q$:G pairing with no slippage on the minus strand of the CTGG template 
and several other templates (followed by 3' T conversion primers) resulted in 
the expected products, (E) GG mismatch extension apparently gave the expected 
GC product on one template, but perhaps only fortuitously (see F). (F) All 
extensions from G G mismatches gave GC extension products, consistent with 
a G-T mismatch formed by slippage at the preceding base (Fig. 3). (G) Qj:G and 
Q;:G extension products apparently gave the expected GC product on one 
template, but perhaps only fortuitously (see H). (H) All extensions from Q5 .G and 
QfXj mismatches (followed by 3' G conversion primers) gave GC extension 
products consistent wim a Qs:T or Q7:T rrisrnatch at tfe preceding 3). 



PCR extension of a 3'-terrninal mismatch primer to create a 
restriction site for discriminating between two alleles (44). A GT 
mismatch produced a M\al site (CC A/T GG) through an A— »G 
transition. We successfully performed A-»G conversion using a 
natural base mismatch, but encountered difficulties with T— »C 
conversion by natural base primers. In our hands, transitions can 
be accomplished more readily than transversions, but the yield of 
correct product can be sequence dependent Others have also 
found that PCR-RFLP can produce false positive results (20). 
Our use of the ligase detection reaction allowed us to determine 
the precise amounts of misextension products generated. 

We have measured the fidelity of polymerase extension from 
primers containing 3' natural bases and nucleotide analogs. Our 
results indicate that natural base mismatch primer extension 
cannot be used as a general technique to create restriction sites in 
any given sequence for RFLP analysis. Primer slippage appears 
to be an important mechanism for producing error in mismatch 
primer extension. This source of error may have a dramatic 
impact on some allele-specific PCR and other methods of high 
sensitivity mutation detection. With further development and 
testing of nucleotide analogs to facilitate conversion, mismatch 
primer extension may become a technique that can efficiently 
introduce desired mutations with few artifacts. We have found 
some nucleotide analogs improve mismatch primer extension 
(Table 3). Further improvement of 3' mismatch extension will be 
required to minimize the high degree of context-dependent error 
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seen in transversions and lead to improved levels of sensitivity 
and broader scope of PCR-RFLP-based mutation detection. 



Table 3. Summary of conversion strategy 



Starting base 


Conversion to 
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Q6 
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Qe 


T 






G 
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AorQ 7 


A 






Q 5 orQ 7 


A 



A Qn convertide indicates preconversion is required using the indicated convertide 
prior to final conversion using natural base primers. In some cases, an additional 
convertide or using only the natural base will result in the desired conversion. 
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ABSTRACT 

A high sensitivity method for detecting low level 
mutations is under development. A PGR reaction is 
performed in which a restriction site is introduced in 
wild-type DNA by alteration of specific bases. Digestion 
of wild-type DNA by the cognate restriction endonu- 
clease (RE) enriches for products with mutations within 
the recognition site. After reamplrfication, mutations are 
identified by a ligation detection reaction (LDR). This 
PCR/RE/LDR assay was initially used to detect PCR 
error in known wild-type samples. PCR error was 
measured in low |ApK a | buffers containing tricine, 
EPPS and citrate, as well as otherwise identical buffers 
containing Tris. PCR conditions were optimized to 
minimize PCR error using perfect match primers at the 
Msp\ site in the p53 tumor suppressor gene at codon 
248. However, since mutations do not always occur 
within pre-existing restriction sites, a generalized 
PCR/RE/LDR method requires the introduction of a 
new restriction site. In principle, PCR with mismatch 
primers can alter specific bases in a sequence and 
generate a new restriction site. However, extension 
from 3' mismatch primers may generate misextension 
products. We tested conversion of the MsfA (CCGG) 
site to a Tacfi site (TCGA). Conversion was unsuccessful 
using a natural base T mismatch primer set Conversion 
was successful when modified primers containing the 
6 W,8 W-3, 4-dihydropyrimido[4 f 5-c][1 ,2]oxazine-7-one (Qe) 
base at 3 -ends were used in three cycles of preconver- 
sion PCR prior to conversion PCR using the 3' natural 
base T primers. The ability of the pyrimidine analog Q$ 
to access both a T-like and C-iike tautomer appears to 
greatly facilitate the conversion. 

INTRODUCTION 

High sensitivity medical diagnostic assays depend on accurate 
DNA amplification by DNA polymerases (1-4). Such DNA- 
based diagnostic methods are needed, for example, to improve 
cancer staging and aid clinical decisions through molecular 
characterization of the disease. Low level mutations may be detected 



by cloning PCR-amplified fragments and accurately quantified by 
probing for mutant DNA using allele-specific oligonucleotides 
(ASOs), however, mis process requires several days to complete 
(5,6). Alternatively, allele-specific PCR (AS-PCR) can be used to 
detect low abundance mutations. By designing primers with one or 
more mismatches, mutant DNA template can be efficiently 
extended, while poor extension is achieved on wild-type DNA 
template. However, once these primers extend with or without a 
mismatch, the products thereafter are perfect matches for the primer 
in subsequent PCR cycles. Thus, false positive signals are amplified 
in subsequent cycles. Moreover, PCR error can generate a base 
change in the template which perfectly matches the primer. AS-PCR 
can detect pyrirnidine^purine transversions at sensitivities of 1 in 
10 5 (7,8). Nevertheless, the majority of cancer-associated mutations 
are C<-»T and A<r¥3 transitions, for example, >80% of p53 point 
mutations (9). A DNA diagnostic method is required to accurately 
quantify this type of low abundance mutation. 

The ligation detection reaction (LDR) uses two adjacent 
primers and a thermostable ligase to distinguish all four bases 
potentially found at any position in a DNA sequence (10-13). 
Thermostable ligase demonstrates the highest fidelity when the 
discriminating base is located at the 3'-end of the upstream primer 
(14). PCR/LDR (PCR of a sequence from genomic DNA 
followed by LDR) can detect mutations with a sensitivity of 
approximately one mutant allele in 4000 normal alleles (13). 
Sensitivity of approximately 1 in 10 6 has been achieved by 
combining PCR with restriction endonuclease (RE) digestion of 
wild-type DNA (1 5, 16). Mutations occurring within the restriction 
site prevent cleavage of the mutant allele, while wild-type alleles 
bearing canonical restriction site sequence are depleted. As a 
result, subsequent PCR cycles preferentially amplify mutant 
DNA. If a mutation site is not within an endonuclease recognition 
site present in wild-type DNA, a restriction site must be 
introduced. This is typically done by PCR using a primer or 
primers with mismatched bases. Mutations cannot be detected in 
any portion of the restriction site spanned by the primers, since 
those bases are introduced directly through the primers. In a 
random DNA sequence, >20% of bases are contained within a 
pre-existing four base restriction site and 60% of bases are within 
a four base subsequence that can be converted into a restriction 
site by a single base change. In these small sites, 3'-terminal base 
mismatch primers must frequently be used. While conceptually 
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Figure 1 . Preferential amplification of mutant DNA by PCR/RE/LDR. Preconversion (steps ! and 2) using a nucleotide analog (Q) in mutant and wild-type DNA allows 
more efficient introduction of a restriction site at a CpG dinucleotide. The addition of natural base primers (step 3) completes conversion, replacing the nucleotide analog 
with the desired normal base. Finally, wild-type DNA is digested with the RE for which the site was created (step 5). Mutant DNA is subsequently reamplified. 



straightforward, 3' mismatch extension has proven to be difficult 
(7,17-19). The introduction of interrupted palindromic restriction 
sites has been more successful using internal mismatch primers 
spanning one half-site through the intervening bases up to the 
other half-site (20,21 ). Several perfectly matched bases stabilize 
the 3'-end of the mismatch primer. This approach may be used 
only if the second half-site is present naturally in wild-type DNA. 

REs recognizing interrupted palindromes are less abundant than 
endonucleases recognizing contiguous four and six base sites. 
Multiple base changes would often be required to introduce an 
interrupted palindrome restriction site to identify mutations at any 
base. In order to develop a general approach, this work introduces 
contiguous four base Type II restriction sites in wild-type 
sequences containing a central CpG dinucleotide by altering one 
base on each side of the CpG. CpG dinucleotides are frequent 
sites of mutation; for example, —40% of the mutations observed 
in the p53 tumor suppressor gene fall into this category (9). We 
tested conversion of the Msp\ site (CCGG) to a Taql site (TCGA) 
in p53 exon 7 at codon 248 by PCR using a set of 3' mismatch 
primers which alter the outer bases of the Mspi site (Fig. 1). 
Preconversion using 3' nucleotide analog (Q) primers may be 
performed prior to adding natural base primers to avoid extension 
from primers with 3' natural base mismatches. Conversion was 



performed with and without preconversion to oHermine whether 
preconversion facilitates conversion. This process introduces a 
restriction site that allows digestion of wild-type DNA with an RE 
and leads to preferential amplification of the undigested mutant 
DNA. Mutant products are quantified by LDR. This PCR/RE/LDR 
assay is a high sensitivity variant of PCR/LDR. 

Techniques, such as PCR/RE/LDR, that rely on mutant 
enrichment require optimization of reaction conditions in order to 
minimize PCR errors. These errors would be indistinguishable 
from mutations originally present in clinical samples. Standard 
PCR buffers contain Tris, however its p^ a is strongly dependent 
on temperature. A PCR reaction containing Tris pH 8.3 (measured 
at 23 °C) is ~pH 7 near 65 °C (the extension temperature) and drops 
to -pH 6 near 95 °C (the template melting temperature). PCR 
error can result from template degradation and polymerase 
misincorporation. Template degradation occurs during periods of 
high temperature and low pH in each PCR cycle and limits 
product size in 'long* PCR (22-24). Raising the buffer pH in long 
PCR (using Tris 9.1) reduces the amount of template cleavage and 
increases PCR efficiency (22). Although the efficiency of long 
PCR increases with higher pH, the level of mutations within these 
PCR products may also increase since high pH decreases the fidelity 
of Taq and Pju polymerases (25-27). Use of alternative PCR buffers 



\ 




with lower |ApK a | can improve polymerase fidelity and still reduce 
template damage by maintaining more neutral pH over a wider 
temperature range (26,28). The addition of glycerol or formamide 
may reduce mutations arising from template damage during PCR 
cycling and may help avoid misextension from mispaired primers 
(2,29). 

We tested proofreading and non-proofreading thermostable 
DN A polymerases in several PCR buffers formulated on the basis 
of an analysis of known sources of PCR error. Our test PCR 
buffers contained low |Ap/Ca| buffering compounds and different 
salts. We show that mismatch extension is prone to error far 
beyond that produced by polymerase error or template degradation 
during PCR, Directly probing PCR/RE products using LDR 
allows identification of specific mutations and quantification of each 
mutation produced PCR fidelities using buffers with and without 
formamide were compared The use of low |ApAT a | buffers with 
formamide greatly reduces background PCR error. Preconversion 
with 3' nucleotide analog primers significantly improved the 
fidelity of base conversion to introduce a new restriction site. 



MATERIALS AND METHODS 

Oligonucleotide synthesis 

Oligonucleotides were synthesized at the 0.2 pmol scale by 
cyanoethyl phosphoramidite chemistry on an Applied Biosys- 
tems 394 DNA synthesizer. Standard 500 A CPG columns and 
reagents (Applied Biosystems) were used with the following 
exceptions. Oligonucleotides 50 bases in length were synthesized 
using wide pore 1000 A CPG columns (Applied Biosystems). 
Oligonucleotides with fluorescent dye FAM at the 5 '-terminus 
were synthesized using FAM phosphoramidite (Applied Bio- 
systems) with a 15 min coupling step. Oligonucleotides with 
5' phosphate were synthesized using phosphorylation reagent 
(Glen Research) with a 15 min coupling step. Oligonucleotides 
with 3' blocking group were synthesized using 3'-Spacer CPG 
columns (Glen Research), Oligonucleotides with the 3' nucleotide 
analog 6^2'nleoxy-P-r>rirx>fur^ 

do-[4,5-c]-[l >2]oxazine-7-one (Q$) were synthesized using dP-CPG 
(Glen Research). 



PCR polymerases and buffers 

The polymerases used were AmpliTa^ (Applied Biosystems), Vent 
and Vent(exo ) (New England Biolabs) and Expand polymerase 
mix (72*7 and Awl polymerase mixture, in the Expand High Fidelity 
kit; Boehringer Mannheim). The commercially available PCR 
buffers used were supplied in the AmpliTa^ and Expand kits. Tris 
pH 9.1 (pH values were measured using 1 M stock solutions at 
23 °C), tricine pH 8.7, EPFS [AK2-hydroxyemyl)piperazine- 
yV'-3-propanesulfonic acid] pH 8.4 and citrate pH 7.6 (Sigma) 
were used for alternative PCR buffers. Unless otherwise noted, 
each 20 ul reaction contained 20 mM Tris, tricine or citrate, 
200 ug/ml bovine serum albumin, 2.5 mM MgCl 2 , 200 uM dNTP 
(each) and either 16 mM (NH4)2S04 or 50 mM potassium 
acetate. Formamide at 10% concentration was used as indicated 
(see Enzyme/buffer notation). PCR buffers were made as 
lOx stocks requiring the addition of formamide as needed, dNTPs 
and the oligonucleotide primers and template DNA. 
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Enzyme/buffer notation 

Test PCR buffers are named to indicate the presence of one or more 
components: Tris/potassium acetate, buffer A; Tris/ammonium 
sulfate, buffer B; tricine/ammonium sulfate, buffer D; EPPS/ 
potassium sulfate, buffer E; EPPS/ammonium sulfate, buffer F; 
citrate/ammonium sulfate, buffer G. Component concentrations 
are described above. 

Amplification of p53 exon 7 from genomic DNA 

Part of p53 exon 7 surrounding codon 248 was amplified. The 
upstream primer (5 / -GCCTCATCTTGGGCCTGTGTTATC-3') 
hybridized within the preceding intron and the downstream 
primer (5'-GTGGATGGGTAGTAGTATGGAAGAAATC-3') 
hybridized within exon 7. All PCR, RE digestion and ligation 
steps described throughout were performed using a Gene Amp 
PCR System 2400 (Perkin Elmer). Several buffers and enzymes 
were used (see PCR polymerases and buffers) as indicated. The 
p53 exon 7 amplification from genomic DNA was performed 
starting with a 20 \i\ reaction mixture containing 50 ng of DNA, 
2.5 mM each dNTP and 12.5 pmol of each primer in lx buffer 
without polymerase. The reaction mixture was covered with 
paraffin oil and preincubated for at least 1.5 min at 94 °C in order 
to perform hot start by adding 1 jxl of polymerase diluted in 
lx buffer to introduce the required units of polymerase. The exon 
7 segment was amplified for 40 cycles of 94° C for 15 s, 65 °C for 
2 min, with an additional 5 min at 65 ° C at the end of the last cycle. 
PCR amplifications departing from this procedure were performed 
as indicated. 

PCR/RE/LDR 

Fidelity assay. Templates were amplified with conversion primer 
pairs bracketing the central two base pairs of the Mspl site 
(CCGG) at codon 248 (Fig. 2B). Tubes were prepared containing 
10 fmol/reaction of either PCR-amplified p53 exon 7 or wild-type 
synthetic duplex template, PCR buffer and primers. In parallel 
reactions, a synthetic 50 bp duplex marker template (MK), with 
the sequence CGGG replacing the Mspl site at codon 248, was 
added at 10~ 3 , 10" 4 , 10~^ and 0 molar ratio to wild-type template. 
Reactions were preincubated for at least 1 .5 min at 94° C with all 
components present in CiNF buffer except Vent(exo-) polymerase. 
A 'hot start* was performed by adding 1 pi of polymerase at 
94 °C. When preconversion was performed, two cycles of 94° C 
for 15 s, 55 °C for 1 min, 60°C for 1 min were executed with 
500fmol each of the primers p53-248Q 6 and p53-248Q6R. 
Afterwards, 1 pmol of p53Taq248T and p53Taq248TR primers 
were added. When preconversion was not performed, the 
reactions contained 1 pmol each of the primers p53Taq248T and 
p53Taq248TR or the control primers p53Msp248C and 
p53Msp248CR. After reactions with and without preconversion 
were performed, conversion PCR was carried out as follows: 
5 cycles of 94°C for 15 s, 55 + 1 °C/cycle for 1 min (temperature 
ramp), 60°C for 1 min; then 20 cycles of 94°C for 15 s, 60°C for 
2 min; a final 60 °C for 5 min extension. After three cycles of the 
temperature ramp 10 pmol of long zipcode conversion primers 
(p53zip248T and p53zip248TR or p53zip248C and 
p53zip248CR) were added. After conversion, the wild-type DNA 
was digested periodically during 20 cycles of 'zipcode' PCR 
(described below). Polymerase was inactivated by freezing and 
thawing twice. Finally, LDR was performed to detect the 
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Ffeure 2 Primers used in PCR/RE/LDR. Complimentary (- strand) sequences are shown in reverse orientation (3'->5'), in particular reverse strand pnmers (having 
names ending in R) (A) PCR fidelity assay. A synthetic 50 bp duplex marker template (MK) and wild-type p53 exon 7 PCR product are mixed at known ratios in 
parallel reactions Perfect match primers p53-248short and P 53-248shortR amplify the wild-type CCGG and marker CGGG. Then, longer zipcode-containmg pnmers 
o53ziD248short and P 53zip248shortR were added Finally, wild-type was repeatedly digested and reamplified with zipcode pnmers (Ztop and Zbot). (B) Preconversion 
was performed using primers containing 3' convertde, e.g. p53-248Q 6 . Conversion of the Mspl site to a Taq\ site with or without preconversion was formed using 
3' natural base pnmers P 53zip248T and P 53zip248TR. Long pnmers were added as above and conversion products further amplified. Wild-type products were digested 
with the RE appropriate for the new site. Mutant products were preferentially amplified with zipcode primers. (C) LDR primer sets were designed to query the template 
seouencc around the point of ligation. Perfectly hybridized upstream and downstream LDR primers with no overlap or gap are preferentially hgated with high 
snecificity. Discrimination primers have different length 5' tails to allow specific product separation on an acrylamide gel. Primers shown were used for identification 
ovulations occurring in the second base of the Mspl site (no conversion). An extra primer (p53LDR248FTCL) was used to compare C-*T transitions at the first 
base and second base of the Mspl site. A comparable set of tfscrimination and common primers, used to identify mutations at the second base of the Taq\ site in 
conversion products, had a T at the 3' penultimate base in the discrimination primers and A at the 5' penultimate base in the common primer. 



conversion products without contribution from the original 
template (except in non-conversion control reactions). 

'Zipcode' PCR. Wild-type sequences or wild-type conversion 
products were removed by restriction digestion. The appropriate 
RE was added to the reaction tube and supplemented with 
additional MgC^ as required to allow efficient digestion. Mspl 
digestion was performed at 37°C for 15 min using no additional 
MgCh, except when using citrate buffer. Taql digestion was 
performed at 65 °C for 30 min at 6 mM Mg 2+ by adding 1 |JJ of 
enzyme diluted in 140 mM MgCl 2 . The undigested conversion 



products were reamplified from 1 ill of a 1 Ox dilution added to a 
20 jil PCR reaction containing 10 pmol of the 'zipcode' primers 
Ztop and Zbot (Fig. 2B). These zipcode primers each contain a 
DNA sequence that is not similar in sequence to any genomic 
sequences present in the sample, thus only the products of 
previous PCR using primers containing the zipcode sequences 
will be efficiently amplified. Conversion products were amplified 
using Expand polymerase mix and buffer (see PCR polymerases 
and buffers). After an initial RE digest, zipcode PCR reamplifi cation 
followed by redigestion was performed as follows: reactions were 




preincubated at 94 °C for at least 1.5 min then initiated with a hot 
start by adding 0.1 \i\ of RE-digested sample (1 of a 

1 Ox dilution) to a 20 p.1 reaction; 1 0 cycles of 94°C for 1 5 s, 65 °C 
for 2 min. Zipcode PCR amplification products were redigested 
as described above. 

Ligase detection reaction. Ligase detection reactions were 
performed in standard LDR buffer (25 mM Tris pH 7.6, 12 mM 
MgCb, 65 |!g/ml bovine serum albumin, 100 mM KC1 and 
10 mM DTT). Each 20 ul reaction contained -500 fmol of 
dsDNA (1 fj.1 of PCR sample), 500 fmol of each discrimination 
primer and 750 fmol of common primer (Fig. 2C). Sets of 
discrimination and common primers were synthesized to detect 
the expected conversion products, i.e. converted to CNGG or TNGA 
at the Mspl position. The common primer was synthesized using 
3 '-Spacer C3 CPG columns and the 5'-end was phosphorylated on 
the column using phosphorylation reagent (see Oligonucleotide 
synthesis). Discrimination primers of each set varied at the 
3 '-terminal base to query the base in that location, i.e. the second 
base of the Mspl position. Discrimination primers had 5' tails of 
different length and a FAM label for fluorescence detection. The 
tail size identified the primer and allowed physical separation of 
different LDR products on an acrylamide gel. 

The LDR reaction was preincubated for 1.5 min at 94 °C prior 
to the addition of 5 nmol Tth ligase enzyme under a layer of 
mineral oil. We used 10 LDR cycles of 94°C for 15 s, 65°C for 

2 min. The reactions were then held at 94 °C until cold quenched 
on ice and stored at-70°C. The LDR products were separated on 
10% acrylamide gels containing 7 M urea with 0.6x TBE 
(lx TBE contains 90 mM Tris base, 90 mM borate, 2 mM EDTA) 
used in the gel and for the running buffer. Data were collected 
using an ABI 373 automated DNA sequencer and Applied 
Biosystems Genescan 672 software (GS Collection and GS 
Analysis). 

Image processing 

Raw gel pictures were produced by the ABI GS Analysis 
software. Dye-specific pictures were opened in Adobe Photoshop 
3.0, cropped, resized and converted to grayscale. The grayscale 
images were opened in NIH Image 1.59, inverted and ID vertical 
background was subtracted Optionally, NIH Image could render 
a three-dimensional plot from a corrected two-dimensional 
picture. Background corrected pictures were reinverted and 
rendered in pseudocolor by Photoshop by replacing the color 
table to make subtle intensity differences easier to compare. 
Except for color replacement, only linear image processing was 
performed in order to preserve relative intensities. 

RESULTS AND DISCUSSION 

We developed PCR/RE/LDR to detect and identify low abundance 
mutations occurring within the Mspl site (CCGG) at codon 248 
in the p53 gene (Fig. 1). An initial PCR amplifies exon 7 from 
genomic DNA. This product serves as the template for a second 
PCR that amplifies the central CpG dinucleotide in the Mspl site. 
To generate a restriction site in sequence lacking a pre-existing 
site, mismatch primers are used to alter one or more bases 
flanking the CpG dinucleotide. This results in a conversion PCR 
that creates a restriction site (NCGN-^TCGA Taql site, for 
example). In a generalized method for introducing contiguous 
Type II restriction sites, conversion PCR primers by necessity 
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have 3 '-terminal mismatches. To avoid unfavorable natural base 
mismatches that may result in insertion of an erroneous base at the 
next site (18,30), preconversion with 3' nucleotide analog 
primers is performed. However, extension with 3' analog primers 
produces a pool of degenerate products (19). Thus, after this 
preconversion step, natural base primers are used to selectively 
amplify the desired products. 

We assessed mismatch conversion error relative to PCR error 
by performing parallel non-conversion control reactions and true 
conversion reactions with and without preconversion. Non- 
conversion reaction products retained the Mspl site (CCGG), 
while conversion introduces a Taql site (TCGA). All PCR/RE/ 
LDR steps were performed under similar conditions, varying 
only the primers and RE {Mspl or Taql). In both cases, 
non-cleavable DNA is preferentially amplified. When wild-type 
DNA is selectively removed by digestion, it is necessary to 
determine the proportion of DNA with incorrect sequence 
produced relative to the initial quantity of DNA in the sample, 
which is nearly 100% wild-type. Parallel reactions were per- 
formed in which known fractions of MK DNA were present The 
MK DNA contained a single base change in the Mspl site 
(CGGG), rendering it uncleavable by Mspl. C— >G transversions 
are unlikely to occur through polymerase error. The MK standard 
curve allows quantification of mutations detected by LDR. PCR 
conditions were tested to nurumize PCR error (observed in the 
non-conversion reactions) and mismatch extension errors (additional 
errors observed in the conversion reactions). 

We tested various proofreading and non-proofreading polymer- 
ases, as different polymerase properties are required during target 
amplification from genomic DNA, conversion and reamplification 
steps in PCR/RE/LDR. Since it is essential throughout PCR/RE/ 
LDR to minimize any alteration of the bases assayed by LDR, 
proofreading polymerases might seem the logical choice for 
maintaining the highest fidelity (3 1 ), however, they may interfere 
with conversion by mismatch primer extension. Hence, PCR 
conditions must be found which maximize the fidelity of 
non-proofreading polymerases (32). 

Initially, we used PCR/RE/LDR as a high sensitivity assay to 
determine PCR conditions that maintain the highest fidelity 
throughout the procedure. Two main sources of error were 
expected: (i) polymerase misincorporation; (ii) DNA template 
degradation. Raising the PCR buffer pH improves long PCR, 
probably by decreasing depurination which leads to strand 
cleavage (22-24). While higher pH may decrease template 
damage, higher pH is also known to adversely affect polymerase 
fidelity (25-27). Therefore, we tested tricine, EPPS and citrate 
buffers which have p/f a values in the range 7-8 and |Ap/y lower 
than Tris (see Materials and Methods). Tris cannot meet the dual 
constraints of neutral pH at high temperature to maintain template 
integrity and lower pH at the extension temperature to maintain 
polymerase fidelity, although most PCR fidelity and long PCR 
studies use Tris. Some investigators have explored the use of 
alternative buffers with lower |ApiL 8 | (25,26,28). Buffer-specific 
effects on PCR were tested by making PCR buffers containing 
identical components except for the buffering compound. We 
tested salt effects by making one set of test PCR buffers with 
ammonium sulfate and another with potassium acetate. The ApK a 
of each buffer was determined in pure solution and in lx PCR 
buffer mixtures (data not shown). Our results agreed with 
published ApK& values of pure buffers (33,34) corrected by a 
small constant (0.005 pH units/ 0 C), possibly due to a temperature 
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Figure 3. Buffer- and enzyme-dependent PCR errors detected by PCR/RE/LDR. The indicated polymerase/bufler combinations were used to amplify p53 exon 7 from 
genomic DNA. The same buffers were used in reactions with perfect match primers to reamplify the Mspl site. (A) Taq polymerase used in various test PCR buffers. 
(B) Vent polymerase used in various test buffers. Vent polymerase did not amplify p53 exon 7 from genomic DNA in TsK buffer. In mis case only, two different 
enzyme/buffer sets were used forpreamplification and 'conversion* (not actual conversion, since perfect match primers were used). The AmpliTb^/TsKexon 7 genomic 
DNA PCR product was substituted in the VemVTsK reamplification. C indicates no MK was added (control reaction). 



dependence of the pH probe itself. We adjusted the pH of our test 
PCR buffers to produce approximately neutral pH at 65 °C. 
However, the lx PCR buffers had somewhat different ApAT a 
values compared to the pure buffers; for example, lx TsN had 
Ap J rr a ^-0.033/°C versus-0.030/°C for 100 mM Tris and lx TcK 
had ApK a « -0.022/°C versus -0.025/°C for 100 mM tricine. 

Test PCR buffers containing Tris, tricine or EPPS were used to 
test PCR fidelity with no conversion of the Mspl site (CCGG) at 
codon 248 of p53 (Fig. 3). Our objective in this experiment was 
to test the error rate of PCR using various buffers and polymerase 
enzymes. Since introduced errors create template that cannot be 
cleaved by the selected restriction enzyme, false positives 
accumulate as this error template continues to amplify alongside 
true mutant DNA. This experiment establishes the conditions 
necessary to achieve amplification while minimizing error. The 
same polymerase and buffer set was used in both preamplification 
of p53 exon 7 from genomic DNA and in the * conversion' step. 
As mentioned, the 'conversion' step maintains the Mspl site by 
using perfectly matched primers whose 3'-ends terminate on the 
C and G bases flanking the central CpG. After an initial Mspl 
digest, template and amplification products were periodically 
redigested every 10 cycles during reamplification to remove WT 



sequence. Synthetic marker mutant MK with the sequence 
CGGG was present in these reactions at 1 0~ 3 , 1 0" 4 , 1 0" 5 or 0 ratio 
to wild-type (WT). MK will not be cleaved by Mspl restriction 
digestion, but will amplify with each PCR cycle to provide an 
internal control to measure product quantitities (see below). The 
MK product will also maintain its sequence, as the perfect match 
primers in the conversion step will again terminate on the C and 
G bases flanking the central GG. Error products resulting from MK 
PCR will in general lack Mspl sites and will be indistinguishable 
from regular MK template. If an Mspl site is accidentally created, 
the product will be destroyed by digestion. 

For each buffer, LDR detected MK products in each of the four 
parallel reactions, with the 0 MK control indicating the background 
level of CGGG error produced The intensities of other error 
products detected by LDR were compared to MK to estimate the 
fraction of each error product generated. Ampli Taq generated few 
transversions (C-»G or C-»A), but a large amount of C— >T 
transition was observed (Fig. 3A). Vent generated much less of 
the C~»T transition compared to Ampli Taq (Fig. 3B). Ampli Taq 
showed little dependence on the presence of potassium acetate in 
buffers A, C and E (Fig. 3A, lanes 1-4, 9-12 and 17-20) versus 
ammonium sulfate in buffers B, D and F (lanes 5-8, 13-16 and 




21-24). Vent polymerase amplified template more efficiently in 
Tris/ammonium sulfate buffer B than Tris/potassium acetate 
buffer A (Fig. 3B, lanes 1—4 versus lanes 5-8), as described 
previously (22,31,35,36). However, Vent exhibited improved 
fidelity in tri cine/potassium acetate buffer C (lanes 9-12) and 
EPPS buffer E (lanes 17-20) compared to tricine/ammonium 
sulfate buffer D (lanes 13-16) and EPPS/ammonium sulfate 
buffer F (lanes 21-24). 

The relative fidelities of the different polymerase— buffer 
combinations may be described by their 'sensitivity' expressed as 
the -logio of the ratio of MK to WT initially present The C-»T 
error for AmphTaq amplification in Tris/potassium acetate buffer 
A can be taken as an example. If the signal for the CTGG error 
product (Fig. 3A, lane 2) is compared to the MK CGGG signal 
(Fig. 3 A, lanes 1—3), the intensity of the signal most resembles the 
1 0~ 3 MK: WT dilution (Fig. 3 A, lane 1 ). Thus, the C->T error rate 
is 10~ 3 ; the sensitivity is 3, since -log|MKAVT] --logflO" 3 ] = 3. 
From this it can be seen that the higher the sensitivity, the lower 
the error rate. Reactions with higher sensitivities for each 
mutation had the highest overall fidelity (results summarized in 
Table 1). Many of the Vent reactions had sensitivities of 1 in 10 5 
for every mutation (Fig. 3B), while the AmpliT^ reactions had 
sensitivities of 1 in 10 3 (Pig. 3 A). Sensitivity indicates the 
usefulness of the assay rather than the error rate of the 
polymerase. Error (ER) per base per cycle may be estimated from 
the fraction (F) of all mutations occurring at one base which 
accumulated over 65 cycles (E>) before digestion. For our 
purposes, the number of cycles is an estimate of the number of 
duplications, since multiple non-saturating PCRs were per- 
formed. From ER = F/D, Vent polymerase had an error rate of 
<1 x 10~^ase/cycle in tricine/potassium acetate buffer C, 
-2 x 1 ^/base/cycle in tricine/ammonium sulfate buffer D and 
2 x 1 ^/base/cycle in TcN buffer. We observed an error rate of 
2 x 10~ 5 /base/cycle mainly due to the C-»T transition for 
AmpliTaq in Tris/potassium acetate buffer A. Elimination of this 
artifact could improve AmpliTti^ fidelity by more than 10-fold 
Others have used cloning and screening methods to estimate 
polymerase error (25,27,36,37) and denaturing gradient gel 
electrophoresis (DGGE) has also been used (31,32,35,38). 
However, these methods do not directly measure mutated DNA 
and do not detect all mutations. By cloning and DGGE methods, 
Vent polymerase has an error rate estimated as from 0.3 to 
4 x 1 0" 5 /base/cycle (27,35,38). The error rate of Taq polymerase 
has been estimated as from 0.8 to 9 x 1 0~ 5 /base/cycle (25,27,28), 
comparable to the error rate we observed for AmpliTaq in TsK 
buffer. Of the thermostable polymerases, Pju has the lowest 
reported error rate estimated as from 0.7 to 1 .6 x 1 0~fybase/cyele 
(27,39,40). Pju polymerase may also exhibit improved fidelity in 
tricine or other low |Ap^ a | buffers. 

While high fidelity proofreading enzymes appeared to improve 
amplification from genomic DNA, proofreading still must be 
avoided in the conversion step. We tested different high fidelity 
genomic amplification conditions in combination with fixed 
conversion conditions. Genomic amplification was performed 
with either Vent(exo-) in citrate/ammonium sulfate buffer G or 
Vent(exo-) in citrate/ammonium sulfate buffer G with 10% 
formamide (Table 1). Non-conversion primers were used with 
Vent(exo-) to optimize PCR fidelity in anticipation of conversion 
by mismatch primer extension. Our highest fidelity conditions 
were as follows. Genomic amplifications with Vent/buffer G were 
initiated by spiking genomic amplification product from Expand/ 
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buffer C with 1 0% formamide reactions after three cycles. These 
Vent/buffer G reactions required 4 mM Mg* + and PCR primers, 
but no additional genomic DNA was provided (see Table 1 for 
observed error rate with other conditions tested). 



Table 1. Comparison of fidelity using proofreading and non-proofreading 
polymerases in different buffers for PCR to amplify the target sequence from 
genomic DNA and for conversion PCR 



Polymerase enzymes 


Buffer 


Limiting 


Error rate 




(1) Genomic DNA 


0)->(2) 


error 


Total 


Per cycle 8 


PCR->(2) conversion 










Taq ~y Taq 


A->A 


C->T 


IO" 3 


2xl0- 5 


Taq-*Taq 


B->B 


C->T 


10~ 3 


2x IO" 5 


Taq—>Taq 


C->C 


C-*T 


10-3 


2x 10~ 5 


Taq->Taq 


D->D 


C->T 


10" 3 


2x IO" 5 


Taq— > Taq 


E-»E 


C->T 


IO" 3 


2x l<r~ 5 


Taq—±Taq 


F->F 


C-»T 


10-3 


2x 10-5 


Taq h ->Vent 


A->A 


C-»T 


>10~ 3 


>2 x in- 5 


Vent-* Vent 


B->B 


C->T 


io- 5 


2xl0" 7 


Vent— » Vent 


C-*C 


C->T 


<10" 3 


<2 x 10" 7 


Vent-* Vent 


D->D 


C->T 


10" 4 


2x IO" 6 


Vent— > Vent 


E-»E 


C-+T 


<io- 5 


<2x IO" 7 


Vent— * Vent 


F->F 


C-»T 


io- 5 


2xl0~ 7 


Vent(exo-)— >Vent 


C->G 


C-»T 


1(H 


2x10^ 


Vent(exa-)— > Vent(exo ) 


C->G 


C->T 


IO" 3 


2xl0- 5 


Vent— »Vent{exo-) 


C~>G 


C->T 




2x 10-* 


Vent— »Vent(exo-) 


C->G(f) 


C->T 




2xl0" 7 


Ven^-Wen^exo-) 


G(4)-»G 


C->T 




2x IO" 6 


Vent— > Vent(exo-) 


G(8)-»G(f) 


C->T 


IO" 5 


2xlO" 7 


Vent 0 — >Vent(exo— ) 


G (4)->G(f) 


C->T 


<1(T 5 


<2xl0- 7 



•Based on a minimum of 50 total cycles, i.e. observed error/50. 

b No Vent PCR product from genomic DNA. Taq amplified product used for Vent 

conversion PCR* 

Template added by taking 1 |il after the third PCR cycle from a parallel genomic 
DNA amplification using Expand polymerase mix in buffer C. 
Taq and Vent polymerases were initially tested using one buffer for genomic 
amplification and conversion. During the conversion step, only non-conversion 
of the Mspl site near p53 codon 248 was performed using short perfect match 
primers (Fig. 2 A) to determine the background level of polymerase error. LDR 
quantified Mspl site mutations at the second position (CCGG — >CNGG). Fidelity 
was compared in parallel reactions using proofreading and non-proofreading 
polymerases in genomic amplification and conversion. Expand polymerase 
mix, Taq with proofreading Pfu polymerase added, was used to initiate target am- 
plification from genomic DNA for subsequent high fidelity Vent polymerase PCR. 
Vent polymerase was substituted with non-proofreading Vent(exo-) to determine 
whether proofreading was required and also in the conversion step where proof- 
reading is not permitted. The effect of 10% formamide in the conversion PCR 
buffer was also tested. All buffers contained 200 fxg/ml bovine serum albumin, 
2.5 mM MgCl 2 and 200 [iM dNTP (each). Specific components were: A (TsK), 
20 mM Tris pH 9. 1, 50 mM potassium acetate (standard Taq polymerase buffer); 
B (TsN), 20 mM Tris pH 9.1, 16 mM ammonium sulfate (standard Vent polymerase 
buffer); C (TcK), 20 mM tricine pH 8.7, 50 mM potassium acetate; D (TcN), 20 mM 
tricine pH 8.7, 16 mM ammonium sulfate; E (EpK), 20 mM EPPS pH 8.4, 50 mM 
potassium acetate; F (EpN), 20 mM EPPS pH 8.4, 16 mM ammonium sulfate; 
G (CiN), 20 mM citrate pH 7.6, 16 mM ammonium sulfate, (i), presence of 10% for- 
mamide; (4), increase to 4 mM MgG 2 ; (8); increase to 8 mM MgCfo. 

We found PCR conditions for each step in PCR/RE/LDR that 
maintain high fidelity when no mismatch conversion was 
performed. With known high fidelity PCR conditions, we next 
tested conversion by changing the p53 codon 248 Mspl site 
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(CCGG) into a Taql site (TCGA). MK (CGGG) was added as 
before in parallel reactions to measure fidelity relative to the 
initial wild-type DNA present High fidelity PCRwas performed 
as described above and some (but not all) reactions were 
subjected to preconversion. Preconversion was performed using 
primers containing the degenerate pyrimidine nucleotide analog 
Q 6 at their 3'-ends (Fig. 2B). The final conversion was 
accomplished using natural base 3' T mismatch primers. Products 
were detected using LDR to interrogate the second base position 
in the Mspl, Taql and MK sequence: CNGG or TNGA. Fidelity 
for conversion with and without preconversion was compared to 
a non-conversion control. Successful conversion will change the 
Msp\ site (CCGG) into a Taql site (TCGA); MK will also be 
converted from CGGG to TGGA. However, the main issue of 
conversion success is the maintenance of the central bases in all 
cases: CpG for Taql conversions and GpG for MK. Figure 4 shows 
the results of conversion. Lanes 1-4 (C:G) are non-converted 
reactions that were digested with Mspl; lanes 5-8 (Qe:G) are 
preconverted/converted reactions that were digested with Taql; 
lanes 9-12 (T:G) are converted reactions lacking preconversion 
that were digested with Taql. PCR/RE/LDR with no conversion 
was sensitive to better than 1 in 10 4 using the previously 
determined best conditions for preamplification and conversion 
(Fig. 4, C:G, lanes 1-^t). PCR/RE/LDR with conversion of the 
Mspl site to a Taql site by T mismatch primers was apparently 
very successful at first glance (T:G, lanes 9-12). As would be 
expected for successful conversion, no Mspl product can be 
detected in the _CG_ region of the figure, hence, it appears that 
the site was converted to Taql and then digested. However, 
although a very large fraction of MK (CGGG) is observed in the 
reactions with added MK (T:G, lanes 9-11), the same large 
fraction is also observed in the 0 MK control lane (T:G, lane 12). 
Thus, the entire quantity of MK is an artifact produced by 
mismatch extension of the natural base T primers. This event 
would convert the second position C in the Mspl site to a G during 
extension, mimicking the internal sequence of MK 
(CCGG— »T(iGA). Preconversion with Cfe primers eliminates the 
MK artifact (Q6:G, lanes 5-8). 

The greater amount of WT present in non-converted samples 
(Fig. 4, lanes 1-4) compared to Qe converted samples (lanes 5-8) 
may be due to inhibition of Mspl digestion by formamide. 
Formamide apparently inhibits Mspl digestion as evidenced by 
the presence of strong wild-type LDR bands (WT) in the 
non-conversion control (C:G lanes), which are not present after 
Taql digestion of the converted sequence (Qe:G and T:G lanes). 

The low amount of MK product seen in the 10 -4 and 1 0~ 5 MK 
lanes (Fig. 4, C&G, lanes 6 and 7) compared to the respective 
non-conversion control reactions (C:G, lanes 2 and 3) may be due 
to low efficiency of MK conversion. The production of a Taql site 
actually requires two conversions, one on each side of the central 
CpG dinucleotide. Lowering the concentration of MK 10-fold 
may reduce MK conversion far more than 10-fold. Thus, with 
only one side of the MK sequence converted in a large amount of 
its product, one half of the LDR primers will be unable to properly 
hybridize to this sequence and ligation will not occur. LDR detection 
will only reveal the lesser quantity of fully converted template. 
Nevertheless, the amount of MK product is greater than the control 
in these two lanes (compare Fig. 4 lane 8 to lanes 6 and 7). While 
formamide may reduce conversion efficiency, conversion fidelity is 
greatly improved. 
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Figure 4. Comparison of conversion fidelity. The relative intensities of 
conversion reaction products is indicated by color and the height of each peak 
in a 3 -dimensional plot (Materials and Methods). Marker (MK) DNA (with 
CGGG replacing the Mspl site) was added at known ratios to wild-type (WT) 
in parallel reactions. The ~log(MK:WT) indicates relative traction of MK 
present, e.g. -Iog(MK:WT) = 3 means the ratio of MK to WT was 1:1000. 
C indicates no MK was added (control reaction). Non-conversion control 
reactions (C:G) were performed using perfect match 3' C primers. Conversion 
of the Mspl site (CCGG) to a Taql site (TCGA) was performed using natural 
base 3' T primers with and without preconversion using 3 ' Q$ nucleotide analog 
primers (Q6:G and T:G reactions, respectively). LDR products from Mspl 
non-conversion contain CNGG and products from Taql conversion contain 
TNGA, but only the the central bases (second and third bases) are indicated as 
_NG_. The LDR products were designed to separate on acrylamide gels by two 
base differences in size. Some undetermined bands of intermediate size were 
also observed. Lanes 1-4 were digested with Mspl, while lanes 5-12 were 
digested with Taql during PCR/RE/LDR. 



Newton et al found that OT, A-A and T*T mismatches were all 
far more difficult to extend with Tag polymerase than purine-pyri- 
midine mismatches (7). These results reflect PCR efficiency of 
extension rather than fidelity. Others have observed low fidelity 
in extending natural base mismatches (1 8,30). Use of a nucleotide 
analog with structural similarities to multiple bases could 
potentially be used to allow polymerase extension (reading) from 
the analog when paired with different bases and insertion of 
different bases opposite the analog (writing). For the purposes of 
this assay, the efficiency of the process need not necessarily be 
high. However, successful conversion requires high PCR fidelity 
to ensure that only the bases targeted for conversion are altered 
False positive mutation artifacts will result from alterations of 
bases not targeted for conversion within the sequence probed for 
mutations. Preconversion using 3' Qe primers forming a Q 6 :G 
mismatch avoids starting polymerase extension with a G-T 
mismatch. In subsequent amplification cycles, A is apparently 
written frequently opposite Q<j. This observation is consistent with 
the results of Hill et al in which Q$ base paired like C and T with 
nearly equal frequency (41). Facile tautomerization allows Q6 to 
mimic either pyrimidine when base paired and avoids mismatch 
wobble. When the natural base primer is added after preconversion, 
a significant quantity of perfect match template already exists, 
otherwise the MK artifact would appear in the reaction regardless of 
preconversioa Other nucleotide analogs in addition to Qg may serve 
as a bridge for more efficient conversions (19). 



We have measured the fidelity of polymerase extension from 
primers in PCR and found conditions which in some cases 
improve fidelity. Presumably, higher fidelity resulted from a 
decrease in polymerase misincorporation, primer slippage and 
template degradation. PCR/RE/LDR allows the measurement of 
very low level 'mutant* sequences by preferentially amplifying 
non-wild-type sequences. Our results clearly demonstrate that 
natural base mismatch primer extension cannot be used as a 
general technique to create restriction sites at will in any sequence 
for RFLP analysis. As demonstrated here (Fig. 4) and observed 
previously (18,30), natural base mismatch extension is prone to 
error. To perfectly engineer a restriction site from existing 
sequence, an error-free approach is required Our results indicate 
that the use of nucleotide analogs combined with high fidelity 
PCR conditions may radically decrease errors. Monitoring the 
true specificity of primer extension was possible in these studies 
because LDR can measure specific PCR errors accurately and 
with high sensitivity. Thus, the products of different polymerases 
and buffers could be assayed at different steps during PCR/RE/ 
LDR to maximize both PCR efficiency and fidelity. As a result, 
a PCR/RE/LDR strategy could be assembled to achieve the goal 
of 10 5 sensitivity. However, this highest sensitivity was achieved 
only in the special case of no conversion at a pre-existing Mspl 
site. At this time, primer slippage remains an important mechanism 
through which mismatch primer extension errors can arise (19). 
Although the importance of this source of error in vivo is 
uncertain, it may have a dramatic impact on allele-specific PCR 
and other in vitro methods of mutation detection. An additional 
source of error arises from using natural base primers to select 
specific sequences for amplification following preconversion 
with nucleotide analogs. This is because a fraction of the selective 
natural base primers may form a mismatched pair with bases 
other than the intended base. It is known that a characteristic set 
of different bases insert opposite nucleotide analogs (19,41). 
Thus, a high fidelity mismatch primer extension protocol awaits 
the development of new convertides that can overcome these 
problems. In combination with high fidelity PCR and LDR 
monitoring of efficiency, mismatch primer extension may 
become a technique for the precise introduction of desired 
mutations without artifacts. 
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increased Prevalence of K-ras Oncogene Mutations to Lung Adenocarcinoma 1 



Abstract 

Reported estimates of ras mutation pretalence in lung ade^rclnoma 
KepoTOcsaow*« ^^^^ rf ^ inscnsitivity of the 

^ (56%) to «1 tadlcat* that U* prevalence of K-nu codon 

« Lt-tkw wy be more clinically useful a, molecular markers 
for lung cancer than has been approbated. 

Introduction 

Molecular tumor markers, including mutant ras alleles, may offer 
cBmcallY useful tools for diagnostic and prognostic purposes id ung 
2?S2f studies have reported « 1M*. 
ad«ic<arctoomas contain mutations in K-ras codon 12 
ras mutations portend a poor prognosis in lung adenc^arcmorna (2, 5 
7 A potential difficulty with these stud.es, however to mthe 
iLnsitivirv of the assays used to detect ras mutations. In the largest 
mutations in lung cancer (1), as weU as in most other 
llestf ras mutations in human tumors, ras mutations have 
^ deleted by PCR/ASO-H,» which detects only mutaUons whtdh 
aTUent in at least 10% of the total number of copies of the 
^rrespondlng ras gene in the DMA sample (2, 7, 8). I* tumors m 
STSl action of me malignant ce>ls «** . w mu^onor 
in studies of DNA isolated from dinical samples contauung maugnant 
«STSd wim genetically normal cells, this limited assay sens.Uv.ty 
risks a high rate of false negative results. 
To address this concern, we have used a snnple. tughly sensme 



unoerstanding of the role of ras mutations in the process of lung 
carcinogenesis. 

Materials and Methods 

DNA samples Isolated from 53 resected lung tumocs (28 adenocarcmonias, 
12 squamous cell carcinomas. 9 large cell carcmomas, 2 brtmchoalveoto 
catatonias, and 2 carcinoid tumots), previously analyzed for ras mutations by 
PCR/ASO-H by Rodenhuis and Slebos (1) at the Netherlands Cancer Institute, 
were reanalyzed for ras mutation status. The wsay used, PCR-PIREMA, was 
adapted from a which detected as littk as 1 imitant allele in N-raj 

codoTl2 or 61 per 10 s i»ormal alleles PCR-PIREMA was performed 
b^ded Wim regard to 

PCR/ASO-H. DN A isolated (10) from lung adenocarcinoma tissues obtained at 
the New York University Medical Center was phenol/chloroform extracted and 
desalted and concentrated to 5-10 ul in Microcon 100 concentrators (Amicon, 
lac, Beverly, MA) twice, prior to PGR. 

Mutations in K-raf codon 12 were detected as shown m Fig. 1. Tnt most 
tarcon^r mD^^ metl^ as p 

usTof greatly decreased coiicentwtions nu^ 

awlsecand PGR reactions and lengthened annealing and synthesis times. A gel 
puii&»tkmstep(9)was also eliniinated, w^ 
the procedure 

at the level of 0.1%, as deterniined by titration of samples known to contain ras 
mutations (9). All samples were subjected to tlie entire PGR-PIRBMA process 
at least twice. Ejttensive measmxs were token to prevent ^ cross^xnu^uiauOT 
of samples W M^ple normal controls and itcgatlve controls (no DNA in the 
PGR reaction) were mduded in aB experiments. 

Results 

Among the 53 samples tested by PCR-PIREMA were 22 from 
adenocarcinomas which had been mutation negative by PCR/ASO-H 
(1). Of these 22, 7 (32%) were mutation positive by PCR-PIREMA 
(Fig. 2). The 6 adenocarcraomas which had been mutation positive by 
PCR/ASO-H were all positive for the same mutation by PCR- 
PIREMA (Tabic 1), Although DNA from the majority of samples is 
.... ~ i ■ — f ro m our data to the 



2teb» ras mutation negative by PCR/ASO-H, as well as to study 25 jjq longer available for study, by extrapolating 
^o^rTunstudied samples. The detection of significant numbers of ^ ^ of 181 adenocarcmornas, we estimate that the 

2 which had been undetectable by PCR/ASO-H would imu- which would be expected to be mutahon-posmve 

mutations wmcn nao rumor ^V,^ 24% (the percentage positive by PCR/ASO-H) (1) + 76% 

(the percentage negative by PCR/ASO-H) X 0.32, or a total of 48%. 



markers than suggested by the reported prevalence «^**>£* 
might also have* impact on prognostic studies. In ****** 
orJLion that many lung adenocarcinomas have m, « 
ontya small fraction of tumor cells would have implications for our 
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Of the 23 non-adenocaicinomas, all of whkh had been mutauon 
negative by PCR/ASO-H» only one was found by PCR-PIREMA to 
contain a mutation (GTT in one large cell sample). 

The K-ras codon 12 mutation status was also deterniined by PCR- 
PIREMA for 25 lung adenocarcinoma tissues from the New York 
University Medical Center. Fourteen samples (56%; 95% confidence 
interval, 35-76%) contained mutations (5 TGT, 4 GTT, 4 GAT, 1 
AG1). The percentage of mutation-positive samples is not statistically 
different from the percentage in the Dutch group if a true positive 
percentage of 48% is assumed (2-tafled r test, P = 0.55) but is 
significantly greater than the 2496 originally reported for the Dutch 
group (P « 0.0026). 
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L PCR-P1REMA protocol Fbst PCR icao- 
^ r^rr^A 10 jim ccoccntrttlcm of each nude- 
one*, :L2 mM MgC^ and fairy mUched primer* 
flafutmg K-mr own 1 (Sap 0- Aliquott erf the ftst 
pCt raoctacis woe osed to second PCR reactions 
oonocoBr^ 4 cooocnlnUioDS of each nucleotide 

•rxrjcte * new gjiforaiqf^ 

cpsarporftioitti^ A™ 
gist sod second PCR tcacuooi woe cycled el 94°C 
for 1 ™. 55°C (for the &st PCR) or 40TC (fat the 
jeccod PCR) tor 2 nun, tnd 74*C fcr 3 min. PCR 

» c-*-i •■» «m1 *nmv> (ten n*n)0dY5tort chxxA OQ 



(3D0 ^im each nucleotide, L5 tan MgCti, 55 *C 
fte&Isgtj tasiag the same primen as to Sup 2 fallowed 
by r^iea finNI dTgesaon \ (St# Sty ' 
vkt9 ieleeiiopfcorese^ 
sacxd uitb etttfium fro*^ wilfr* 
ste* 1924*» pair (^ bydjoAg 

spedSe ^ >tib$l^^ 

UCO:'we».r 

5'-. 

the PCR predict, d e p e n d en t 

verificadop). PC^R <r rnutillnw far wrHkttinii were 
200 m« «^ nndeotide.^ m**] 




PCR po&icts were d^ertcd ' wlm the" 
testixtkn ctaytnes and efectropbor " 
pieseoce of a digested PCR product indicates the 
preseroofaspcdBcnrota^ 
restriction epdonnrieaya used arc as described previa 
otstv (9). except thai since the acreening atep now 
uses' fit^Q other than RjoJI (Sup the faath last 
.base of all 5'-prime» Iwbeenchaf^finamClb A 
toelimiaate an nnHnfrtmy mhmarh, *, mHmatrhrd 



1) 1* PCR with My matched primen 



1 ° PCR product, 205 bp. spanning codon 12 



2) 2*PCR with mismatched ■screening* 
primer to create a new BxrNI restriction she 

2°PCR product, 192 bp, containing a 
new itoNI restriction site, dependent 
upon bach the introduced substitution and 
the normal codon 12 sequence 



3) Digest with J3WN1 
Steps 2 + 3 ~ "ENRI 

4) Repeat steps 2 and 3 



5») "ENRICHED SCREENING": PCR 
using screening primer x 40 cycles; ArnNI 
restrictkm digestion; gel electrophoresis 

OR 

5b) 'VERIFICATION*: PCR using a 
new mismatched primer, to introduce a 
different restriction site Into the 2* PCR 
product derived from t specific mutant allele 

e.g., PCR product containing a new 
MtDE restriction site, dependent upon 
both the prmiex4mroduced change and 
the specific mutant codon GGT-+TGT 



5' -AACTIQTG(n3WJrT(^JAOCTGGT- 
3'-TTOARCACCATCAiUXXCGACCft- 

5' - AMJTlU'l W/l!i*6"AT0WACCT - 3 ' 
3'-TTOAACACCATOlACCTCG3«X»- 



I PCR x 25 cycles 

codon 12 
/ \ 



-3' 
■5' 



4 PCR x 25 cycles 



3 ' -TTWACACCnTCMCCT^iM^ 



lbfNI site in PCR prodnct derived from normal allele 
+ 

3* -ITGMtflftCCATOUttXr^^ 



«3» 
-5' 



No fltfNI site in PCR prodnct derived ftom mutant allele 



192 bp 
mutant 



29bp+ 163bp 
normal 



selective ampliflcatirm 
of mutant allele 



i 

further mnp ltfjf At ton 



S'-AACTTOrGGTWOTTOQACCTTOT' 
3 r -TTOAAnUXATCAftCCTQGAAC3%r 

Digeatlcnviesistsnt tend 
indicates presence of a mutation 
but doesn't define it 



4 
4 

i 



5' -T(^TftT AAAUL , im^m J l lU UftCC A-3 ' 
3' -TTCttoCftCCATCAACCTGGAACJ^ 



S' - TCftRT Al JUUUJ 'rJl/ltKJlWJrt tJGftCCAT^ 

3' -ACTTai3^rrTGAftCACCRTCAACCTX^ 

Mom site in prodnct derived from mutant allele 



Discussion 

These data indicate that an assay which detects mutations present in 
0.1% of alleles can detect K-ras codon 12 mutations in about 50% of 
lung adenocarcinomas. Onr ^4ata demonstrate ;---^t-tlitt--1aUs^---^ct«^ 
ously published report on mutations in lung ademocarcmonia (1) 
contained sigkiiffiialit numbers of felsc negatives and rJh^eby under- 
estimated tbe prevalence of my nmtatioiis in lung adeno^cinoma. 
Because other smaller series using similarly insensitive assays have 
reported mutation frequencies even less than 24%, they may have 
contained even higher percentages of false negatives. 

Two factors, in conjunction with the use of an insensitive assay, 
could have contributed to difficulty in detecting mutations in these 
studies. First, in some cases, only a small fraction of tumor ceils may 
contain the mutation. Since cancer is a clonal disease, one might 
expect that in mutation-positive cases, the mutation would be con- 



33 bp +157 bp: 190 bp: normal or 

specific mutant sccjuence nonspecific mutant 



tained in all cells of the tumor. In fact, this has not to our knowledge 
been previously studied in lung adenocarcinoma; fur&etmore, in the 
one malignancy of which we are aware where this question has been 
examined (acute myelogenous leukemia), ras mutations are generally 
present in only a fraction of the malignant cells, and this fraction 
varies widely from case to case (9, 11-14). Second, clinical tissue 
samples obtained during surgical resection of lung masses generally 
contain both tumor cells and genetically normal cells; DNA isolated 
from such specimens will be derived from both populations. Thus, the 
samples from the Netherlands Cancer Institute included samples con- 
taining as few as 25% malignant cells (IS). Similarly, one smaller 
study included some samples corrtaining as few as 20% malignant 
cells (2); the latter group acknowledged the consequent likelihood of 
some false negatives. Both the presence of ras mutations in a minority 
of the malignant cells and the mixture of normal with malignant celts 
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Fig. Z PCR-PIREMA analysis of DNA samples 
from tumor* pcevkwsly analyzed by ASO-H. a, 
enriched screening {Bsttfl digestion)* Lasix 1, un- 
digested PCR product of 192 base pahs. Umt 2. 
normal control; Lanes *-5. DNA samples from 
lung mdenocaicinomas. Hie 192-bajc pur band in 
lotus 4 and 5 indicates the prtsenoe of a mutation 
in those samples. J>. verification for TCT mwatfon 
by iWcfll digestion. Lanes 1-4, aAmocaicmonu 
samples; Lane5 % nonnaIcoritrol.mdfepstedl57* 
base pair band in lanes /, 3, and 4 indicates (be 
presence of a TGT mutation in those samples. For 
the 7 samples from adenocarcinomas that are pos- 
itive for rm mutations by PCR-PIREMA but were 
mutation negativa by ASO-H, the mutant geno- 
types an: GAT (4 sample*); TGT (2 samples); and 
am (1 sample). These aw the same mutations 
which predominated in the original analysis (1> 



1 2 3 4 



5 



192- 
163- 




1 2 3 4 5 



190- 
157- 



in clinical samples could lead to purified DNA samples in which me 
percentage of mutant alleles is less than the detection threshold of the 

assay used, Le., 10%. 

Many genetic changes have been identified in lung cancer (16), but 
little is known about the chronology of their development Some 
genetic changes may represent early activation events, while others 
are likely to occur later, as progression events related to invasion and 
metastasis, limited evidence has been interpreted as suggesting that in 
some human tumor types, including lung cancer, ras mutations may 
fall into the former category (17). On the other hand, if significant 
numbers of cases of lung adenocarcinoma have ras mutations in only 
a small percentage of the cancer cells (as implied by the detection of 
these mutations by PCR-PIREMA but not by PCR/ASO-H), then this 
would suggest that the ras mutation was not an early, initiating event, 
but was more likely to represent a secondary event in a subclone of the 



Table 1 PrrtoUnc* of K-ras codon 12 munitions in lung tumors by diagnosis and 

detection method 



No. of mutants/total (%) 



Diagnosis 



PCR-PIREMA 



ASO-H 



Adenocarcinoma 
Btonchoalveolar carcinoma 
Urge cell carcinoma 
Squamous cell c ar cin o ma 
Carcinoid 



13/28(46) 
0/2 (0) 
1/9 (11) 
0/12(0) 
0/2 (0) 



6728(21) 
0/2 (0) 
0/9 (0) 
0/12(0) 
0/2 (0) 



tumor, as has been argued for acute myelogenous leukemia (18). This 
concept is consistent with the association of ras mutations with 
increased tumor growth and invasiveness, as suggested by the poorer 
prognosis of mutation-positive than mutation-negative cases treated 
by surgical resection (2, 5, 6). 

The PCR-PIREMA assay is rapid, nonradioactive, and readily 
adaptable to processing large numbers of clinical samples and can also 
be used to detect ail activating mutations in K- and N-rar codons 12, 
13, and 61 (9). the protocol modifications ^r^ (decreased 
nucleotide and MgCl 2 concentrations in the PCR reactions) are critical 
to the assay specificity. When PCR-PIREMA is perforated under 
tf standard' 9 PCR conditions (i.e. f 200 jam each nucleotide and 1-5-2.0 
mM MgQj), the normal controls frequently fail to digest completely 
on enriched screening (Fig. 1, ^ even w^ 
screening enzyme is used (9). We reasoned that this difficulty might 



arise from the high mismcorporation rate of Taq polymerase, of 1 
error/10* bases under "standard" PGR conditions (19). The enrich- 
ment process would enrich not only for PGR products derived from 
authentic mutant alleles but also for PCR4ntroduced errors in codon 
12, which would change the PCR product to flj/NI resistant. Standard 
PCR oonditiohs maximize polymerization speed and yield, but at the 
expense of polymerase fidelity (19). It was empirically determined 
that 10 fiM concentrations of each deoxynucleotide and 1.2 mM MgCl 2 
in the first PCR reaction and 4 /am each deoxynucleotide and 0.6 mM 
MgG 2 m me second reaction, with lengthened annealing and synthe- 
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s j s ttm£&- optimized assay specificity while maintaining sufficient 
vield. 

Because it requires minimal amounts of starting material, PCR- 
plRENlA can be easily applied to tissue biopsies or cells in body 
fluids prior to surgery; e.g., we are using the method to detect 
mutations in bronchoalveolar lavage fluid from patients undergoing 
diagnostic bronchoscopy for suspected lung cancer (20). The clinical 
utility of ras as a biomarker for lung cancer has been suggested by 
investigators who found ras mutations in stored sputum samples from 
patients later diagnosed with lung adenocarcinoma (21). The assay 
used in that study, although sensitive, is labor intensive, necessitating 
cloning of sputum DNA followed by radioactive ASO-R In contrast, 
the assay described here can be easily applied on a large scale in the 
clinical arena. With the demonstration that mutations in K-ras codon 
12 are twice as prevalent as previously appreciated, their potential as 
clinically useful tumor markers is increased. 
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Optimization of the 
Polymerase Chain Reaction 
with Regard to Fidelity: 
Modified 77, Taq, 
and Vent DNA Polymerases 
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William C. Thilly 

Center for Environmental Health Sciences and Division of Toxicology, Whitaker 
College of Health Sciences and Technology, Massachusetts institute of 
Technology* Cambridge, Massachusetts 02139 



Tire fidelity of DNA polymerase* 
used in the polymerase chain reac- 
tion (PCR) can be influenced by 
many factors In the reaction mix- 
ture. To maxlmlxe the fidelity of 
DNA polymerases In the PCR, pH, 
concentrations of deoxynnckoside 
triphosphates, and magnesium ion 
were varied. Denaturing gradient 
gel electrophoresis was used to 
separate the poiymerase-iiriduced 
mutants from wHd-type DNA se~ 
quenccs. Ttrermotablle modified T7 
DNA polymerase, thermostable Taq, 
and Vent DNA polymerases were 
studied. Fidelity of all three DNA 
polymerases was sensitive to con- 
centrations of deoxynucleoslde 
triphosphates, magnesium Ion, and 
pn\ Within conditions that permit- 
ted efficient amplification, optimiza- 
tion with regard to these three fac- 
tors yielded an average error rate 
In error/base pair Incorporated of 
7.1 x for Taq, AS x 10" 5 for 
Vent, and 4,4 * 1 0-* for modified T7 
(Sequenase) DNA polymerases. 



D 



NA amplification by the poly- 
merase chain reaction (PGR)* 1-3 ) can be 
accomplished by DNA polymerases 
from many sources.* 1 * 2 * 4 ' Specific DNA 
polymerases have been reported to 
amplify with different efficiencies (te., 
yield of sequence amplification per 
cycle) and fidelities (frequency of 
poZymerase-induced errors), with the 
kind and rate of error depending on 
the specific DNA polymerase and PCR 
conditions/ 4 " 97 Each error, once ini- 
tiated, is amplified along with the 
original wild-type sequences, increas- 
ing the fraction of polymerase-induced 
mutant sequences linearly with the 
number of amplification cycles. Under 
low-fidelity conditions, this mutant 
fraction can become significant: 40% 
of the amplification products are 
mutant when a 200-bp fragment is 
amplified one million-fold by a DNA 
polymerase with an error rate of 
10- 4 / 4 ) such as Klenow fragment/ 50 ) 
For some purposes such as sequencing 
a wild-type gene* the polymerase- 
induced mutations are ' generally dis- 
tributed over the sequence of interest 
so that an accurate consensus sequence 
is usually obtained/ 11 ' 12 ) fox studies of 
mutants within wild-type populations, 
it is vital that the polymerase-induced 
mutant sequences do not mask the 
preexisting mutant sequences/ 11 ' 13 * 1 * 

I>ue to Its thennosrability, Taq 
DNA polymerase has been the most 
widely used DNA polymerase. It does* 
not have to be added every cycle, as 
was necessary for the thermolabile 



Klenow fragment referred to in the 
original descriptions of DNA amplifica- 
tion/ 1 A10 > However, the fidelity of Taq 
has been reported to be 2 x 1(H ei- 
rar/bp per duplication/ 4 ' 7 - 10 ) which 
renders it unsuitable for studies requir- 
ing both low noise and high amplifica- 
tion, Studies requiring a higher fidelity 
of amplification have used DNA poly- 
merases such as modified 17 DNA 
polymerase (Sequenase) or T4 DNA 
polymerase/ 4 ' 1 *' 14 ) which permitted 
amplification with error rates of about 
3.4 x 10" 5 and 0*3 x 10~ 5 error/bp per 
duplication, respectively/ 4 ) However, 
both T4 and modified T7 DNA poly- 
merases are thermolabiler 

Recently, a new thermostable DNA 
polymerase called Vent DNA polymer- 
ase was isolated and made commercial- 
ly available In a cloned form by New 
England Biolabs (Beverly, MA). Vent 
was reported to have a 3 '-*5 ' 
proofreading exonudease.^ 15 ^ Our 
laboratory has been screening all avail- 
able thermostable polymerases and has 
found that this new thermostable DNA 
polymerase, under conditions de- 
scribed for primer extension, permitted 
amplification with a useful degree of fi- 
delity. Reaction conditions such as pH, 
concentrations of dNTP, and mag- 
nesium ion can greatly aflect the fidel- 
ity of DNA polymerases.^ 7 ' 9 ' 16 - 20 ^ Bcic- 
ert and Kunkel used the M13mp2 fidel- 
ity assay and found that conditions of 
low pH with low and equimoUir con- 
centrations of dNTP to Mg?* increased 
the totality of TaqS?M We have ex- 



1 991 by Cold Spring Harbor Laboratory Preu ISSN 1054*9803/91 S3.QQ 



JKff Methods mttiApplktttkm:& 



12/16/2803 16:41 1765494fifl58 



^5J 



TIS 




PAGE 04 



Researching 




tended their observations using 
denaturing gradient gel electrophoresis 
(DGGE) to Separate and enumerate all 
pclymerase-induced mutant sequences 
from the correctly amplified sequences, 
to maximize the fidelity of Taq, Vent, 
and Sequenase, vailed concentrations 
of dNTPs, pH, and magnesium were 
tested iterative!}', and the optimal con- 
ditions with regard to these variables 
have been denned. We have confirmed 
the finding of Eckext and Kunkel (7 ' 9 > 
and defined conditions in which the 
Taq polymerase operates with a three- 
fold Improvement in fidelity during 
amplification in PCR relative to the 
most widely used reaction condi- 
tions.^ More importantly, we find 
that the thermostable Vent polymerase 
under optimal conditions yielded a 
PGR amplification with both high fi- 
delity and high efficiency which 
should be of general use to researchers 
ustagFCR. 

MATERIALS AND METHODS 
Materials 

Taq polymerase was obtained from 
Perkin Elmer Cetus (NorwaUc, CI). 
Vent polymerase, purified from 
Thrnnococcus titomlis, and its recom- 
binant form cloned in Escherichia coli 
(designated Rec-Vent in this paper) 
were obtained from New England 
Biolabs (Beverly, MA), Sequenase 
(modified 17 DNA polymerase) was ob- 
tained from United States Biochemicals 
(Cleveland, OH). 2'^eoxynucleoside 
5 r -triphosphates (dNTPs) were ob- 
tained as 100 mw solution from 
Pharmacia (Plscataway, NJ). Primer Pi, 
5 ' - CAT AT ATTA AATATA CTC AC-3 ' ; 
primer P2, 5 ' -TCCrGATTTTATTTC- 
TGTA-3 f ; and primer P4, 5 ' -GACTGA- 
ACGTCTTGCTCGAG-3 ' were obtain- 
ed from Synthetic Genetics (San Diego, 
CA). fy-^PJATP (6000 Ci/mmole) was 
from New England Nuclear (Boston, 
MA) and T4 polynucleotide Kinase was 
from New England BioJabs (Beverly, 
MA). The reagents in the 5' DNA 
terminus labeling system were from 
Bethesda Research Lab (Gaithersburg, 
MD). 

Procedure 

The stock of DNA template for PGR 
was obtained by amplification from 
human genomic DNA, followed by 
purification with denaturing gradient 

64 PCR Methodi and Applietttfom 



gel to ensure a homogeneous popula- 
tion of the desired fragment of human 
HPRT exon 3 and flanking intron 2. 
This template was amplified from 10 s 
copies to about 10 1Z copies and 
polyacrylamide gel purified. An aliquot 
(10 10 copies) was further amplified 
100-fbld, under identical conditions 
with primer P4 end-iabeied by T4 poly- 
nucleotide Wnase.< 13 > The number of 
DNA copies generated was measured at 
different cycles to permit calculation of 
efficiency. Conditions that maintained 
exponential increases in DNA per cycle 
were used throughout this work. The 
32 P-end-labeled DNA of the correct size 
was then purified from polyacxylamide 
gel, boiled, and reannealed so that 
each strand of any PCR-generated 
mutant homoduplexes could be hy- 
bridized to the complementary strand 
of the excess wild-type products to 
form heterodupiexes. These hetero- 
duplexes were then separated from the 
wild-type homoduplexes by denatur- 
ing gradient gej electrophoresis. For 
each PCR condition, the total hetero- 
duplex and the correctly amplified 
homoduplex fractions were measured 
for the calculation of fidelity in er- 
ror/base pair incorporated per duplica- 
tion. 

PCR Procedure 

pH, dNTP, and Mg 2 * concentrations 
were experimental variables. MgSO. 
was used for Taq and Vent, while 
MgCI 2 was used for Sequenase- For 
Vent and Taq, the PCR reaction mix- 
ture was 10 wm KC1, io mM 
(NH^SO^ 0.1% Triton X-100, 0.1 
|ig/|d BSA, 1 |am each primer and 20 
mM Tris buffer. Four units of enzyme 
were added for every 100 pi of reaction 
volume, with 3 more units of Taq poly, 
merase added after 30 cycles. The 
amplification cycle consisted of 94°C 
for 1 min, 53°C for 2 min, and 70°C 
for 2 min. For Sequenase, the reaction 
mixture was 3 pM each primer, and 10 
rnM Tris buffer- The amplification cycle 
consisted of boiling for 1 min, cooling 
down to 37*C (I minute), adding 1 
unit (1 ul) of Sequenase, and incuba- 
tion at 37°C for 2 rnin.<^ 



Efficiency 

To determine the efficiency of amp- 
lification at the exponential phase of 
DNA synthesis, a 5-nl aliquot of the 



PCR reaction mixture was removed 
and electrophoresed on 6% polyaeryN 
amide gel together with a series of 
authentic standards whose numbers of 
molecules are known. The gel was 
stained with ethidium bromide and 
the PCR products of the correct size 
were measured by comparing the yield 
of the ultraviolet-induced fluorescence 
emitted by the ethidium bromide 
molecules intercalated into the DNA of 
the samples of DNA of the standard. 
The error of this method of quantita- 
tion is about twofold. However, this 
would affect the efficiency only slight- 
ly. For instance, a calculated efficiency 
of 70% due to 10 7 -fold amplification, 
after 30 PGR cycles, would be 75% if 
the DNA was actually twice as much. 
The efficiency of amplification was cal- 
culated from the formula: 



(1 + y) 1 



Final DNA copy number 



Initial DNA copy number 

where Y is the efficiency per cycle and 
n is the number of PCR cycles under 
conditions of exponential amoliflca- 
tion.(W4) ^ 

Ktertaturing Gradient Gel 
Electrophoresis (DGGE) 

To separate DNA duplexes containing 
only homologous wild-type sequences 
(WT homoduplexes) from the mutant/ 
wild-type hetexoduplexes, denaturing 
gradient gel electrophoresis was 
employed/*) DNA was dissolved in a 
30-jil solution of 400 mM NaCl, 10 mM 
Tris buffer at pH 7& 2 mM EDTA, 
boiled for 5 rain, and reannealed for 5 
hr at 65<>C The DNA was ethanol 
precipitated and separated on a 
denaturing gradient gel. The gel con- 
sists of a 12.5% r^lyaoylamide gel 
(aciylairude/bis-aaylamide « 37.5:1), 
containing a linearly increasing gradi- 
ent of denaturant, parallel to the direc- 
tion of electrophoresis, of 19-29% 
(vol/vol) where 100% denaturant Is 7 m 
urea/40% formamide/ 21 ) The gel was 
run for 15 hr at 150 volts while sub- 
merged in TAB buffer (40 mM Tris/20 
mM acetic add/2 mM EDTA, pH 8.3) at 
60°C, dried, autoradiography and re- 
corded on a phospholmager screen 
(Molecular Dynamics, Sunnyvale, CA). 

Determination of Fidelity 

Fidelity of amplification was deter- 
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mined by analyzing the denaturing 
gradient gel exposed to the phospho- 
imagex screen. The amount of excita- 
tion from the radioactive bands in the 
heteroduplex region (from the origin 
of the gel to the WT horaoduplex 
band) and the band of WT homo- 
duplex were measured. The back- 
ground noise, audi as nonspecific DNA 
binding in the gel, was measured from 
control lanes loaded with only DGGE 
purified wild-type DNA homoduplex 
sequences that had been subjected to 
the identical treatment of boiling, 
reannealing, and ethanol precipitation. 
The background control samples were 
run on the same denaturing gradient 
gels as the experimental samples. The 
heteroduplex fraction (HeF) due to 
polymerase amplification was calcu- 
lated as: HeF = (Total heteroduplex 
counts - background heteroduplex 
countsj/total counts* 

The fidelity was calculated* 4 ^ as: 

HeF 
bd 

where f is the error rate (errors/base 

pair incorporate&duplieatlon); HeF is 
heteroduplex traction; b is the length 
of the single-strand tow melting 
domain in which mutants can be 
detected (104 bp); and d is the number 
of DNA duplications (30). 

RESULTS 

Table 1 shows the values of pH, dNTPs, 
and magnesium with their correspond- 
ing efficiencies and fidelities that were 
observed in the studies with Se- 
quenase, Taq, and Vent. Table 1A 



shows the efficiencies and error rates 
using conditions commonly used in 
PGR for Taq and Sequenase,* 4 ) or in the 
case of Vent, those suggested by the 
supplier to be successful in primer ex- 
tension. Table IB shows the improve- 
ment brought about by the optimiza- 
tion effort 

Figure 1 is an autoradiogram of a 
denaturing gradient gel comparing the 
polymerization-induced mutations by 
Sequenase, Taq, and Vent The band of 
wild-type homoduplex indicated by an 
arrow in the figure has been confirmed 
by sequencing. Hie positions of the 
mutant/WT type heteroduplexes of 
Vent are very similar to Taq, with a few 
exceptions. As conditions were ad- 
justed tor the improvement of fidelity, 
the positions of these heteroduplexes 
remained the same with changes only 
in their intensity relative to the WT 
homoduplex. The specific Taq and Se- 
quenase point mutations correspond- 
ing to these bands have been previous- 
ly reportecL (4 > 

Optimization began with the con- 
ditions of Table 1 A and Jteratively ex- 
amined the effects of dNTP concentra- 
tion! pHt rod then magnesium ion 
concentration. The effects of dNTP 
concentration on fidelity are shown in 
Figure 2, in a first round of expert 
ments, the dNTP concentrations that 
permitted each polymerase efficiency 
to exceed 35% were defined. Within 
this range, Taq displayed some im- 
provement in fidelity by either increas- 
ing or decreasing dNTP concentrations. 
The fidelity of Vent was somewhat im- 
proved by increasing dNTP as was that 
of Sequensse. Within the ranges 



TABU 1 Summary of the PCR Conditions 



DNA 

polymerase 



dNTP 
(mM) 



PH 



Mg 
(mM) 



Efficiency 
(%) 



A. Initial conditions 

Sequenase 

Taq 

Vent 

B. Improved conditions 

Sequenase 
Taq 

Vent (and Rec-Vent) 



Error rate 
(error/bp 
incorporated) 



2.55 


8.0 


5 


90 


5.4 xlO" 5 


02 


8.8 


Z 


70 


2.0 xlO- 4 


02, 


8.8 


2 


70 


6.6* 10r& 


3.5 


8.0 


2-5 


90 


4,4 x 10** 5 


0.5-1.5 


8.0 


5 


36 


7.2 xlO" 5 


0.5-1.5 


8.5 


7.5 


70 


4.5 x I0" s 




RGUR£ 1 Analysis by DGGE of the PCR 
products after lOMold amplification by Se. 
qwnase, Taq, and Vent DNA polymerases. 
The anow pointy to the position where cor- 
rectly amplified wita-type homoduplex 
focus. 



shown on Figure z, efficiencies were 
invariant for aU polymerases, -90% for 
Sequenase, -70% for Taq and Vent. 
Based on these observations, 0,05 mM, 
0.5 mM, «id 3,5 mM dNTP for Taq, 
Vent, and Sequenase, respectively, 
were used in the next stage, study of 
pH effects. 

The efficiencies of Vent and Se- 
quenase were relatively invariant in 
the pH range of 7-9. but the efficiency 
of Taq decreased markedly below pH 8. 
As shown In Figure 3, within these 
ranges, Taq showed an improved fidel- 
ity when the pH was reduced to 8. 
Vent showed no change in fidelity 
from pH 8 to 9, but fidelity decreased 
at pH 7. The fidelity of Sequenase was 
invariant ovex the pH range of 7 to 9i 
Based on these observations, pH 8.0 
was used for all three polymerases for 
the next step of the optimization pro- 
cedure. 
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0.6 

Each dNTP (mM) 

FIGURE 2 Fidelity of three £>na polymerases « a function of equiraolar dNTP concentra- 
tions; WTaq (pH 2 him MgSOj, OVant (pH 8.8, 2 mM MgS0 4 ), and <0) Sequence (pH 
8.0,5 mM Mga 2 ), The efficiency was -90% fox Sequence, -70% for Taq, and 70% for Vent 
far all dwrp concentred ons showru The arrows indicate the initial concentration of dvfp 



The next factor studied was the 
concentration of magnesium ion* Two 
separate patches of Taq (PerJdn Elmer 
Cetus) were used. One batch of Taq 
showed acceptable amplification 
(-35%) only from S to 10 mM Mg- As 
shown in Figure 4, with the mag- 
nesium concentrations that permitted 
acceptably efficient amplification, the 
fidelity of Taq was improved both by 
increasing MgS0 4 to 10 mM or decreas- 
ing it to 0.5 mM. Vent polymerase and 
its bacterially produced doned version, 
Rec-Vent, were found to have similar 
efficiency and fidelity. Their efficien- 
cies were insensitive to MgS0 4 con- 
centrations over the range studied, but 
below 2 mM MgSO^ the fidelity of 
Vent and Rec-Vent DNA polymerase 
decreased drastically. A small but use- 
ful improvement in Sequenase fidelity 
occurred when MgCl 2 was decreased 
from 5 mM CTable 1A) to 2.5 mM. 

At this point conditions had been 
defined which yielded fidelities about 
4.5 x 10" 5 for both Vent and Sequenase 
and as low as about 1.2 x 10"* for Taq 
polymerase, each representing Im- 
provement of fidelity over that ob- 
tained using the original conditions of 
Table 1A. 

To test for covariance of effects on 
fidelity among the variables studied, 
the lowest error rate conditions from 
Figure 4 were then probed in reverse 
order with regard to the effects of pH 
and then dNTP using the two thermo- 
stable polymerases, Vent (Rec-Vent) 
and Taq polymerases. As may be seen 
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by comparing Figure 5 with Figure 3, 
the fidelity of Taq as a function of pH 
was not changed by the alterations in 
dNTP or MgS0 4 concentrations. The 
best fidelity of Taq was still obtained at 
pH 8 and efficiency dropped off below 
pH 8. However, the Shift in dNTP and 
MgSQ 4 concentrations did eliminate 
the increased * error rate of Vent 
polymerase observed at pH 7 in Figure 
3. Now a difference between native 
Vent and recombinant Vent polymer- 
ase was found: The efficiency of Rec- 
Vent dropped precipitously below pH 
7.5, 

Figure 6 shows the fidelity of Taq f 
Vent, and Rec-Vent polymerases as 



dNTP concentrations were varied at 
the pH and MgS0 4 concentrations that 
optimized fidelity. As seen by compari- 
son with Figure 2, Taq was now found 
to amplify at dNTP concentrations 
above 0.5 mM, albeit with low ef- 
ficiency (-36%). Remarkably, at pH 8 
and 5 mM MgS0 4 , the error rate of Taq 
dropped toward that seen previously 
for Vent and Sequenase, reaching a 
maximum fidelity at or above 0.5 mM 
dNTP. This effect was not found with 
the first round of optimizations (Figs. 
2, 3, and 4), and emphasized the prac- 
tical importance of reexamining the ef- 
fect of the first two factors, namely pH 
and dNTP (Figs. 5 and 6). 

The fidelity of both Vent and Rec- 
Vent was relatively invariant with 
dNTP concentration (Fig. 6), but once 
again a difference between Vent and 
Rec-Vent preparations was found in 
that only Vent showed efficient ampli- 
fication below 0.5 mM dNTP. Because 
only Rec-Vent will be commercially 
available, except upon special request 
from the manufacturer, the Rec-Vent 
results should be noted in standard 
PCR applications. 

DISCUSSION 

The error frequency of different DNA 
polymerases has been measured by a 
variety of assays and ranged from lcH 
10 f }Q~ 7 error/base pair incorporat- 
ed/*-^ In this study, a combination of 
PCR and DGG£ provides a sensitive 
and reliable assay to measure the wide 




(0.05 mM „„,. „ i-A^v^, M_i;vcni mM each dNTP 2 m\A », ™ c 

Quena* £5 ™ each dNTP, 5 m M fcfccy, The efficiency was -90% for^ue,^ 4 -^ t 
T H , and Vent, except for VentatpH 9 wher, ft was^The *Z£££^S$L 



FW ! U £™ S< i? uenilse ' ra * and Vent 0NA Polymerases as a function of oh- u it™ 





12 

Magnesium <mM) 

FIGURE 4 Fidelity of Sequent, Tag, Vent, and Rqc-Vent as a function of Mg 3 * concentra- 
tions:^ A)Taq (0.05 mM each dNTF),(Q *)V*m,( x )Rec-V«m (both 0.5 mM each dNTP), and 
(0)5equena$c ($.5 mM each dNTP). All reaction? were at pH 5.0, using MgCI 2 far Seqwnaw 
and MgS0 4 for Taq f Vent, and Rec-Veat The efficiency was 90% far Sequtnast, -70% for Taq 
lot 3813< A),except at si mM Mg 2 * (36%), 40-63% for 7<t$ Lot 39<>4( A),and «70% for ftec 
Vcnt and V*nt, except at 0,5 niM Mg 2 * (60%). The arrow* indicate the initial Mg** con- 
centration. 



. range of fidelity of different DNA poly- 
' myiases over a variety of sequence con- 
texts in the 104-bp target studied/ 4 * 
In its present form, error rates as low as 

5 x 10~ 6 errors/base pair incorporated 
can be measured if care Is taken to be- 
gin with a sufficiently large number of 
: denaturing gradient gel-purified 
templates to eliminate Jackpot effects. 
Another advantage 1$ that DOGE pro- 
vides a fast and accurate way to 
measure polymerase-induced mutants 
in virtually any sequence of interest to 
the investigators. All base-pair substitu- 
tions; small additions, and deletions 
are detected The nature of the se- 
quence changes can be determined by 
isolating and sequencing these DNA 
fragments/ 4 ' 13 ' 21 * However, if such in- 
formation is not required, relative 
changes in the nature of polymerase- 
induced errors can be inferred from the 
pattern on the denaturing gradient gel 
alone. 

The fidelity of DNA synthesis 
depends on the ability of DNA poly- 
merases to discriminate against an in- 
correct nucleotide being ligated onto a 
primer-template, to extend from the 
. mispair, and to correct the mispair by 
3'— 5 f exonucleolytic reversal of 
polymerization. This last ability Is pos- 
sible only for DNA polymerases with 
active 3 ' -*5 ' proofreading exonucle- 
ase. Among the three enzymes studied 
here, Vent is the only one known to 



have an active 3 r -*5 r exonuclease ac- 
tivity. However, its fidelity was 
matched by Sequenase and was 1.6- 
fold better than Taq polymerase, both 
of which are reported to be devoid of 
exonuclease activity/ 8 ' 2 *) 

The fidelity of all three enzymes, 
Sequenase, Taq, and Vent, was shown 
to be sensitive to changes in pH, con- 
centrations of dNTP, and Mg** ions. 
The fidelities of Taq and Sequenase 
were shown to have a different depen- 
dence on dNTP concentration than 
Vent. Previous studies of Taq had con- 
cluded that its fidelity is good at low 



equimolar concentration of total dNTP 
to Mg 2 * concentration and that, in 
general it Is improved by lowering 
dNTP concentration, even in excess of 
Mg2+f>£) Our results confirm these 
reports but also show that for both Taq 
and Sequenase, in conditions where 
the Mg 2 * concentration is high and the 
total dNTP concentration is less than 
that of magnesium, fidelity is optimal 
at higher dNTP concentration. How- 
ever, the fidelity of Vent, though in- 
variant over a wide range of dNTP con- 
centration, slightly decreased at high 
dNTP concentration. This may be due 
to diminished proofreading ability by 
high dNTP concentrations that has 
been observed in many DNA polymer- 
ases with 3'-*5' exonuclease activity 
such as £. coJi Pol I and T4 polymer- 
ase ^47,23,24) Hlgh concentrations of 
dNTP are postulated to increase the 
rate of polymerization of the next cor- 
rect nucleotide following the mispair, 
and thus decrease the probability of 
excision by the exonuclease/ 23 ' 25 ) 

The effect of pH again showed no 
common trend on the fidelity of the 
three DNA polymerases tested. There 
was only a slight effect on the fidelity 
of Sequenase. The fidelity of Vent 
decreased at low pH only in conditions 
of low equimolar concentrations of 
dNTP to Mg 2 *, whereas the fidelity of 
Taq progressively decreased as pH was 
raised. This supports the results of pre- 
vious studies on Taq,* 7 ' 9 * that at all 
Mg 2 * and dNTP concentrations, the fi- 
delity of Taq can be improved by 



t> 25 




o 



0 *T ■ 1 ■ 1 ■ 1 1 1 1 | i 

$.5 7.0 7.5 8.0 8.S 9.0 9.5 

PH 

FIGURE 5 Fidelity of Taq, Vent, and RecVent as a function of pH:( A )Taq (0.05 mM each 
dNTP, 5 mM MgS0 4 ),( □ )V«nt and( x )Rec-V*m (both 0,5 mM each dNTP, 7.5 mM MgSO.) 
The efficiency was -40% for Taq, -70% for Vent and Rec-Vent (57% at pH 9) 
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FIGURE 6 Fidelity of Ta$, Vent, and Jtec-Vent as a function of dNTP concentrations^ A )Taq 
(5 mM Mg50 4 , pH &.D),( D )Vent, and( x }Rec-Vent (both 7.5 ttjm MgS0 4 , pH The ef- 
flciency.was 34-35% tor Tag, except at 0.5 and 1.5 mM dNTP (-59%), and -70% for Vent and 
Rec-Vent. 



lowering the pH. Mg 2 * is used in this 
study as the activating divalent metal 
ion for DNA polymerization. It is con- 
sidered a physiological activator be- 
cause it is found in cdls.® Depending 
an its concentration, Mg?+ has been 
shown to increase or decrease polymer- 
ase fidelity, <7A18 ' 19 > Fidelity has been 
shown to decrease by increasing the 
concentration of fcee M^*-* 7 ' 91 Indeed, 
the fidelities of Sequenase and Taq 
were very slightly decreased by high 
concentrations of Mg 2 *. The high fidel- 
ity of Vent was mainly invariant and 
decreased only at very low Mg 2 * con- 
centration. Other studies on DNA 
polymerases with 3'— V exonuefcase 
activity such as £. colt Pol I have 

similarly noted that there was no effect 
of Mg 2 * concentration on their fidel- 
ity/ 1 ^ except at Inhibiting concentra- 
tion 19 ) 

As adjustments in the PGR condi- 
tions were made, the intensities of all 
Of the heteroduptexes relative to the 
WT homoduplex changed. However, 
there was no observable change in the 
bands of the heteroduplexes in the 
denaturing gradient gel This indicates 
that hotspots for polymetase-induced 
errors were similar regardless of 
changes in the PCR conditions em- 
ployed. The specific polymerase- 
induced mutants of Sequenase and Taq 
have been previously reported** 4 ' The 
positions of the heteroduplexes in the 
derjaturing gradient gel are very similar 
between. Tag and Vent, with a few ex* 
captions. These bands have been isola- 



ted and are being sequenced. 

The fidelity of Sequenase, Tag, and 
Vent can be usefully Improved by ap- 
propriate changes in pH r concentra- 
tions of dNTP, and Mg 2 * ion relative to 
conditions previously employed in 
PCR, It is probable that there are fac- 
tors other than dNTP, pH, and Mg 2 * 
that are also important for their fidel- 
ity in which overall mutant fractions 
of less than 10% are required for 100- 
bp sequences amplified a million-fold. 
The conditions represented in the 
results of this study were limited to 
those that allowed efficient amplifica- 
tion of a specific template, HPRT exon 
3. It is probable that fidelity and ef- 
ficiency are functions of the DNA se- 
quence being amplified. The variations 
in the fidelity and efficiency of dif- 
ferent lots of DNA polymerases is of 
practical importance in experimental 
procedure and should be noted. Thus, 
Jt is important to optimize the PCR 
conditions based on the DNA sequence 
of interest and the purpose of the 
study* The major improvement in the 
fidelity of Taq was achieved at very low 
amplification efficiency (-36%) where- 
as Vent (-70%) and Sequenase (-90*&) 
consistently showed efficient amplifi- 
cation. Our results showed that Vent, a 
thermostable DNA polymerase, is as ac- 
curate in DNA synthesis as Sequenase 
and should be of use to researchers 
generating PCR products. 
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Avoiding false positives with PCR 



S. KwokandR. Higuchi 



The exquisite sensitivity of the polymerase chain reaction means DNA contamination can ruin an entire experiment 
Tidiness and adherence to a strict set of protocols can avoid disaster. 



: The polymerase chain reaction (PGR) w is 
a powerful, exquisitely sensitive*-* tech- 
nique with applications in many fields 
such as molecular biology, medical diag- 

: nostics, population genetics and forensic 
analysis. The use of specific DNA amplifi- 
cation, as reflected by the number of pub- 
lications reporting the use of PCR, has 
indeed grown "exponentially* in recent 

: months. We and others 5 are concerned, 
however, that some investigators may not 

: be using adequate care in experimental 
design and execution when using PCR to 
detect only a few molecules of a target 
DNA sequence. A false positive or mis- 
typing may occur when the majority of 
rnolecules to be detected arise from 
exogenous sources rather than from the 
sample itself. 

Obviously, the fewer molecules one is 
trying to detect, the more one should 
guard against this possibility. The use of 
PCR for sensitive detection is complicated 
by the fact that the product of the ampli- 
fication serves as the substrate for the 
generation of more product. A single PCR 
cycle produces very large numbers of 
amplifiable molecules that can potentially 
contaminate subsequent amplifications of 
the same target sequence. This kind pf 
contamination has been*, termed PCR 
product "carryover" to differentiate it 
from contamination by naturally arising 
DNA (Fig. 1); . : r ; • ^'-/V \ 

Ah analogy is useful to illustrate the 
scale of the contammutior^problem when 
using PCR to detect very few molecules. 
A typical PCR reaction can generate 10 1? 
molecules of amplified DNA in a 0.1 nil 
reaction'. Imagine the uniform dilution of 
this number of molecules in a volume of 



0.1 Ul transfer 




10 copies 



13 



10 copies/ml 



FIG. 1 The high concentration of amplifiable 
DNA In a completed PGR (typically — lp w per 
ml) makes the friadvertont transfer of even a 
small volume to an unarnplified sample quite 
serious, Reusing a pipette tip transfers 
0;1 iff — roughly 10* copies of sequence, A 
: microgram of human DNA contains only 1.4 x 
iO 5 copies of a single-copy gene, 
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liquid that fills an Olympic-sized swim- 
ming pool (-50 m x 25' m x 2 m). A 
0;1 ml aliquot of liquid from this pool 
would contain 400 amplifiable molecules, 
To control contamination, one must 
prevent the. physical transfer of DNA 
between amplified samples, and between 
positive and negative experimental con- 
trols. The following precautions have 
dramatically reduced false positive rates 
in oiir laboratories that perform 1 PCR 
detection of HIV sequences* (in which as 
few as 15 copies of DNA per sample are 
routinely detected); Those who use. PCR 
for less demanding procedures, such as 
the preparation Of DNA fragments from 
plasmid DNA templates, may be able to 
adapt a less stringent form of these guide- 
lines with successful results. 

Tips for better PCR 
Physically Isolate PCR preparations and 
products. To prevent carryover of ampli- 
fied DNA sequences, we prepare samples 
in a separate room or biosafety hood from 
that in which the reactions are performed. 
The IJV ^rmicidai lamps in most biosafety 
hoods quickly damage any DNA left on 
exposed surfaces, making it unsuitable for 
subsequent amplification (G. Sensabaugh, 
personal . communication), and further 
eliminating the possibility of contamina- 
tion between samples. Separate sets of 
supplies and pipetting devices are>dedi- 
cated for sample preparation and for 
setting up reactions. 

Autoclave solutions. We routinely auto- 
clave deionized water and. those buffer 
solutions used in PCR and sample pre- 
paration, that can beautoclaved without 
affectirig their performance. Autoclaving 
under conditions that provide bacterial 
decontamination degrades DNA to a very 
low molecular weight (N. Arnheim, 
personal communication). We also auu> 
clave disposable pipette tips and micro- 
centrifuge tubes. Primers, dNTPs and Tag 
DNA polymerase cannot be autoclaved. '.. 
Aliquot reagents. We divide reagents into 
aliquots to minimize the . number of 
repeated samplings necessary. All reagents 
used in the PCR are prepared, divided and 
stored in an area- that is tree of PCR- 
amplified product. Sjmila.rlyVbligpnucleo- 
tides used for amplification are synthesized 
and purified in a PCR product-free 
environment. It is advisable to record the 
lot(s)of reagents used so that if contami- 
nation occurs, it can more easily be traced. 
Use disposable glove*. Our researchers 



wear gloves and change them frequently, 
at the least when entering or reentering 
the isolation area. Changing gloves 
reduces the possibility of the transfer of 
amplifiable DNA from outside the isolation 
area and between samples. 
Avoid splashes. Some types of sample 
tube have caps that require so much force 
to remove that liquid at the bottom of the 
tube may be splashed out. We use caps 
that do not require that much effort, and 
change gloves if such a splash occurs. It is 
also a good idea to spin any liquid down 
from the sides and top of the closed tube 
before attempting to open it. 
Use positive displacement pipettes. The 
barrel Of pipetting devices may become 
contaminated with aerosols containing 
sample DNA, leading to cross-Cpntamina- 
tion of samples. To prevent this, we use 
positive displacement pipettes with 
disposable tips and plungers. 
'Prembr* reagents. When possible, we 
mix reagents before dividing them into 
aliquots. All PCR reagents can be com- 
bined into a "premixture" which can then 
be pipetted into reaction vessels containing 
DNA. This minimizes the number of 
sample transfers and the chances for 
sporadic contamination . When dispensing 
the mixture, we pipette a u no DNA" 
negative control last so that it reflects the 
total reagent handled. 
Add DNA last. Nonrsample components, 
such as mineral oil, prefixed dNTPs, 
primers, buffer and enzyme, should be 
added to the amplification vessels before 
sample DNA. This minimizes cross- 
oontaminatiGn by reducing the number of 
opportunities for the inadvertent transfer 
of DNA, After the addition of DNA, we 
cap each tube before proceeding to the 
next sample. 

Choose positive and negative controls 
carefully. We do not use a highly concen- 
trated solution of plasmid DNA containing 
the target sequence as our positive control, / 
because it would introduce as many ampli/ 
fiable molecules into the sample prepara- 
tion area as a typical PCR. If plasmid 
DNA containing the target sequence is 
used as a positive control, it should be 
diluted substantially. Depending upon the 
detection system, as few.as 100 copies of 
target may suffice as a positive control. 

We include "no DNA" reagent controls 
and negative sample controls with each set 
of amplifications. Hie reagent controls 
should contain all the necessary com- 
ponents for PCR, except template DNA. 
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Negative sample controls should not con- 
tain target sequences, but should have 
gone through all the sample preparation 
steps. Choosing negative controls for our 
HIV studies was complicated by the fact 
that PCR enabled HIV sequences to be 
detected from samples which were nega- 
tive by allother tests. In the end, we used 
samples from low-risk individuals with 
well-known histories. 

Avoiding other pitfalls 

The amount of PCR product generated is 
sometimes insufficient, requiring re- 
amplification after enrich gel elec- 
trophace^ 

target sequence DNA in a particulaf gel 
slice is very low; one should- be wary of 
cross-contamination from analogous PGR 
products or plasmid DNA containing the 
target sequence run in other lanes of the 
geh fTo prevent carryover from equipment 
used in previous e^nments; gel 
tus and cx>mbs should be soaked in 1 M 
HC1 todepurinate any residual DNA ^ new 
razor blades should be used to excise each 
gel band, and the surface of the U V trans- 
illuminator should be covered with a fresh 
. sheet of plastic wrap for each gel. Other 
potential/ sources of contamination 
include purified restriction fragments of 
target sequence., dot-blot apparatus i 
microtome Wades, centrifuges, centri- 
fugal vacuum devices and dry ice Or 
ethanol baths. Most of these items are also 
amenable to treatment, if necessary* with 

i m hci: 

A final caution 

If there is any doubt at all about a critical 
result; it is best to repeat the experiment 
again. The negative controls ^escribed 
above can rule out rea^ntcontarhjnation , 
but cannot guarantee against sporadic 
contamination events. Fortunately, the 
odds of a sporadic contamination event 
occurring twice the same way are very 
low; The net error rate of a series of tests is 
also usually lower than that of a single 
trial, even if the sporadic error fate of the 
repeated test is higher. PCR is simple arid 
rapid, and consumes so little of most 
samples that repeat experiments can be 
performed^, even in forensic work 7 . 

Kits for performing PGR are available, 
from Perkin-Elmer Cetiis under the 
trademarkGeneAmp. □ 

Shtriey Kwqk and Russell Higuchl are at the 
Departments of Infectious Diseases and 
Human Genetics, Cetus Corporation, Emery- 
vllle, California 94608, USA: For more in for- 
mation, hi in reader service number 100. 
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BioExpo on show 



At next week's BioExpo in Paris, France, new products range from an 
automated loop inoculation device to a crystallized Tris buffer preparation. 



The MAbTrap G from Pharmacia LKB is 
designed for the purification of mono- 
clonal and polyclonal IgG from ascites 
fluid, serum and cell culture supernatants 
(Reader, Service No. 101). Because Pro- 
tein G binds only IgG and its subclasses, 
separating out other immunoglobulins, 
Pharmacia LKB says the MAbTrap :<x 
offers high capacity, high flow rate -and 
high recovery. ; 

Tired of laboriously flaming loops when 
streaking petri plates? The Swiss company 
Tecnomara has an automatic flame inocu- 
lation system, dubbed the Rondoflarne 
(Reader Service No. 102). The base unit of 
the system is an automatic bunsen burner 
fireboy that can hold four inoculating 
loops inserted into specialized holders on 
a rotation assembly at 9P° angles to the 
plane of rotation. One loop is always in 
the optimal position for flaming: the fire- 
boy burns only as long as necessary 
to flame the loop and automatically 
advances the loop to the take-up position. 
The device can even be programmed to 
rotate clockwise or counterclockwise for 
left- and right-handed use. The Rondo- 
flame is marketed at a cost of $ U350 (US). . 

Boehringer Mannheim is now offering 
its Ultrapure Tris buffer in crystalline form 
(Reader Service No. IQ3): The company 
says the buff er dissolves easier in solution 
than powdered buffers: without clumping, 
and that it is free of ^corUiEuiu^ating pro- 
teases, DNases and RNaseSii At a purity of 
over 99.9 per cent, BMB says the Tris 
buffer is totally clear in solution, low in 
metal content and costs $160 (US) for 5 kg: 

A-. new range ; of supports for ion 
exchange chromatography is being added 
to the product list , at IBF Biptechnics 
(Reader Service No. 104), The Trisacryl 
Plus supports, based on the Trisacryl 
matrix, are of fundamental benefit, says; 
IBF Biotechnics; .they, are: resistant to 




Trisacryl Plus chromatography media. 



extremes in pH, high flow rates, freezing, 
autoclaving and bacterial contamination. 
The Trisacryl Plus range is available in 
300-ml bottles for the M grade (40-30 urn 
bead size) for $118 (US) and in 1 -litre 
bottles for the LS grade (8CM6Q urn) for 
$355 (US). 

Beckman Instruments has a new series 
of HFLC autosamplers that operate on- 
line as part of the company's System Gold 
series of liquid chromatography or stand 
alone as part of another system (Reader 
Service No. 105). "The model 507 auto- 
sampler is designed for laboratories that 
analyse large sample volumes on a daily 
basis. Operating features include a four- 
quadrant, refrigerated sample holder with 
a 96-vial capacity and a separate vial for 
rinse liquid. Vial access is direct, and 
column temperature control is available. 
The $10,500-16,225 (US) model 507 also 
offers variable injection volumes, column 
switching, and pre-column reagent addi- 
tion, mixing and reaction. ' □ 

These notes. are compiled by Cary Prince from 
Information provided by the manufacturers. To 
obtain .additional information about these 
products, use the reader service card bound 
fnslde the journal. Prices, quoted are some- 
times nominal, arid apply only within the 
country Indicated. 

~- ~ ADVERTISEMENTS^ . 
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The Media-Plus serum filter units from Nalge 
now corne with 90-mm nylon membranes. 

market. The nylon membranes have a 0.2- 
mm pore size, and are designed for use in 
tissue culture applications with sensitive 
ceil lines, or in situations in which a wetting 
agent, may . cause problems. The nylon 
Media-Plus filter units are radiation-steri- 
lized and cost $192 (US) for a case of 12. 

Three types of CelPrep gel entrapment 
media are now available from FMC Bio- 



Correctlon 

The product review "Avoiding false 
positives with VCR" (Nature 339, 237; 18 
May, 1989) was unfortunately published 
without the authors' final corrections and 
contains errors of emphasis and fact. First, 
the authors did not folly agree, with the 
editor's summary that "tidmess arid 
adherence to a strict set of procedures 
could prevent disaster", but preferred the 
idea that common sense and an awareness 
of these procedures could help prevent 
mistakes. Second, although the number of 
potentially contaminating molecujes pro-, 
duced by PCft is large, 5 the authors had 
intended to:; point out that there is an 
analogous situation in routine microbiol- 
ogy, where such standard operating pro- 
cedures allow ;one : to fiope. TWr^,; the 
authors intended to emphasize that cdn- 
.trolling contamination entails thinking 
about the re/tatv numbers of target mol- 
. ecules in samples handled together and 
the consequences of inadvertent physical 
transfer between them . Finally * it was to 
have been suggested that one should use 
only the number of PCR cycles necessary 
to achieve desired -sensitivity and avoid 
the amplification in negative controls of 
inconsequential levels of contamination . 

Other persisting errors include the 
number of molecules left in 0.1 ml of a 
dilution into an Olympic-sized swimming 
pool (40 not 400); the number of copies of 
a single-copy gene in one ug of human 
DNA (3 x KP); and reference and typo- 
graphical errors. Also, it was not intended 
to suggest that UV lights be used in 
a biosafety hood while manipulating 
samples, but only between uses of the, 
hood. Reprints of the article in corrected 
form are available from the authors.. □ 

,>i : 490>,. : -; . , .„•..-.,.... 
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products (Reader Service No. 113). FMC 
Byproducts says its CelPrep Alginate, 
CelPrep Agarose and CelPrep Car- 
rageenan provide different cellular envi- 
ronments, and enhance tissue culture 
growth. Gel entrapment offers a three- 
dimensional cell growth matrix which can 
be used with a variety of cell types. The 
company tests each medium to ensure low 
endotoxin levels and freedom from myco- 
plasma contamination. Each gel medium 
is available in 125-ml quantities for $30 
(US). 

To create a two-compartment system 
for transport studies, co- culture, chemo- 
taxis and invasion assays, Costar recom- 
mends its Transwell cell culture chamber 
insert (Reader Service' No, 114). The 
inserts provide a microporous basis for 
cell attachment, and are available with 
either polycarbonate or collagen-treated 
membranes. Polycarbonate membranes 
are available iq pore sizes of 0.1 um, 6,4 
um, 3.0 um, 5.0 um and 8.0 |im, with dia- 
meters to fit 24-wcll and 6-well plates. The 
collagen-treated, transparent membranes 
offer increased visualization of cell out- 
lines during phase contrast microscopy, 
says Costar. The collagen-treated 
membranes cost $131 (US) for 24-well 
plates and for $143.for 6-well plates. 

Sliced and diced 

Biospec is introducing a portable rotor- 
stator homogenizer that can disperse, 
homogenize and emulsify samples of 
volumes between 0.5 ml and 50 ml 
(Reader Service No. 115), Suspended 
material is drawn into the homogenizer 
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Blospec's portable rotor-stator tissue homo- 
genizer recharges in three hours. 



probe by a screw-shaped rotor turning at 
high speeds. The suspension is then 
repeatedly recycled through six dose- 
tolerance slits at a rate of 20,000 times per 
minute. Biospec says the rotor-stator 
homogenizer disintegrates and disperses 
most materials in one minute or less. The 
cordless, two-speed, hand-held instru- 
ment is rechargeable in three hours. Its 
probe is four inches in length and 0,25 
inches in diameter. 

A slicer for finely cutting biopsy tissues 
with less cellular damage than homo- 
genizes is being introduced by Balzers 
(Reader Service No. 116). The Balzers 
tissue slicer is used for mechanically cut- 




The tissue slicer from. Balzers also makes 
sections; buries arid wedges, 

ting tissues originatihgfrom biopsy or very 
small organs for subsequent embedding or 
ultramicrotomy. The instrument is cap- 
able of sectioning tissue as thin as 15-20 
lira, says Balzers. The sectioning thickness 
of the slicer can be set in microns using its 
calibrated micrometer head, a property 
Balzers says is useful for antibody label- 
ling and peroxidase studies. The $2*860 
(US) bench-top Unit can also make sec- 
tions, cubes and wedges of tissue. 

Cambridge Instruments is now Selling 
the Reichert-Jung Cryocut 1800 cry os tat, 
which features a stainless steel microtome 
(Reader Service No. 17?). The microtome 
is incorporated into an ergonomiCaily 
designed freezer cabinet and has a spindle 
feed assembly and roller-bearing slideyay 
that can cut specimens in 1-uni sections. 
The Cryocut 18Ws refrigeration unit 
provides finger-touch tcmperatufe con- 
trol, and its motor-driven course feed 
responds with button control; The avail- 
ability of both automatic and manual 12- 
minute defrost cycles offer frost-free 
operation. □ 

These notes are compiled by Cary Prince from 
Information provided by the manufacturers. To 
obtain additional information about these 
products, use the reader service card bound 
inside the journal. Prices quoted are some- 
times nominal and apply only within the 
country indicated. 
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Carcinogenesis: Molecular Diagnostic Assays 
Now __Molecular Screening Assays Soon? 



The application of modem molecular biologic techmqu* >» 
Jcon&t health problem of human «~ ^Jft*^ 
pisive'results in expanding our -"-"J***^ 
scientific mechanisms underlying tumor development. Deaptt 
£2 *e clinical impact of these insights has remained 
S^Nowhere has this difficulty been clearer than in Mb * 

cal ^cations in the diagnosis and *^J**£ 
cancers It is equally clear, however, that a new age s dawning 
STK, implntdinical goals based 
ciples will be achievable (i). In this issue ™£ 
et al (2) report one such example in wh.ch modem mokcular 
btoto^c Sques have been used to identify molecuhr 
in cMc^ly relevant human tissue specimens wrth im- 
portant diagnostic andpredictive value 
iMiigM. detected mutations in codon 12 of the K-ras on 
coSSonchoalveolar lavage fluid from 86 pauents w«h a 
suspicion of lung cancer. Of 52 patients with confumed 
iZi cancer 16 (31%) had activated ras mutations in meir 
SchXolL iLgefluid. Of note, 14 
cytologically negative. All mutated ras genes charaaemed m 

S (if available). Mills et al. point out that no ^vatedras 
£L were detected in any bronchoalveolar lavage fUuds fi^ 
patients with a diagnosis other man non-*maH-cell ung cancer 
Ecluding four positive lavages from patients with a strong 
S suspidon oHung cancer but without . t~ 
of lung cancer). This result induced j£ 
sitivity (16 of 50 lung cancer cases) and with 88% specificity 
(30 of 34>for detecting lung cancer. , 

This article by Mills et aL is another major m£«£~ 
i„g molecular-based diagnosis/detection assays for epiftehal 
iers. Mumted genes have been detected in various human 
cell debris mat is sloughed offfrom ; mmors (5) J ^in- 
stance activated ras genes have been identified in stool 
pTmenffrom patients with colored cancer (4); mutated pS3 
gSs have been found in urine samplesfrompauenu 
der cancer (5); and both geoes have been identified in sputum 
f^Z tL patients who eventually devetoped lung cancer 
(6) These landmark studies firmly established I that genene 

or fluids that bathe these tumors. These ^j^^ h °^' 
«rX*ctivelv analyzed small numbers of stored specunens and 
SS SedCr specimens firs, and then searched for 

Thus, they suffer from certain statistical limitations and selec 
journal of theNauonal Cancer Institute. Vol. 87.No. H. July .9. 1995 



tion bias, which do not allow us to accurately ascenam the 
potential clinical impact of these assays. The study by Mills et 
al addresses some of these problems by assaying a much larger 
number of patients in a prospective fashion. This sample size 
makes the sensitivity and specificity results more convincing. 
Unfortunately, the study design is not optimal, since it is not en- 
tirely clear that the authors were blinded to the cluneal diagnosis 
or to the molecular status of the tumor at the time of the analysis 
of the bronchoalveolar lavage fl l Dd. ; ^liiiif*fF^''«^*' ta¥e - 
biased their analysis and ultimately the results. Nevertheless, this 
study does bring us one step closer to an effective molecular 
detection assay for lung cancer. 

In general, there are two major classes of problems associated 
with the envelopment of wmt^WittimBBti'***'** 
techmcalxfcsta^ 

that is both sensitive and specific at detecting the marker of in- 
terest. Techniques to detect activated ras genes in tumor 
specimens have been available for several years and have iHider- 
aone continual evolution. Standard assays include NIH3T3 cell 
ttansfonoation (7) and ribonuclease (RNase) protection assays 
(60 but each was quickly recognized as labor intensive and rela- 
tively insensitive (RNase protection) to apply to large numbers 
of specimens. A second generation of polymerase cham reaction 
(PCRVbased assays include PCR an^canon w It h al^le- 
specific oligonucleotide hybridization (PCR-ASO-H) (9X PCR 
amplification using mismatched primers cieaang a destgned 
Jriction fragment lengm polymorphism (RHJO" Mk-d 
PCR with single-strand conformation polymorphism (PCR- 
SSCP) analysis (Ji). These techniques are applicable to large 
numbers of specimens and are, in general, ^f^*" 
previous assays. However, they still require that 5%-20*of the 
specimen contain an activated ras gene.for detection (/2), Fur- 
ther modification includes the cloning of the PCR product and 
aUele-specific oligonucleotide hybridization, which unproved 
sensitivity and provided quantification (4). This particular tech- 
nique has identified mutated ras genes in stool and sputum from 
pauents with cancer. More recent improvements in these assays 
have involved enrichment of the PCR amplification schema in- 
volving "designed RFLP," which has increased overall sen- 
sitivity while maintaining the general applicability of the assay 
(13). Mills «t al. (2) use a version of this type of assay (praner- 
ntroduced restriction with enrichment for mutant alleles [PCR- 



•Corrtsxmienct to: Michael J. Binw, M.D.. PhJJ.. National Ignites of 
HeSlywSi Research Center. 9610 Medical Cemer Dr.. Rm. 300. Rock- 
ville,MD 20850. 
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PIREMA]), employing cycles of PCR 
digestion toenrich and detect activated ras genes. This away xan 
b^ptimized to detect one activated ras gene among ^ * 
teles and has already been demonstrated to identify mutated ras 
S adenocarcinomas of the lung which were previoudy, 
S as normal by FCR-ASO-H (14). Improvements m sen- 
sitiSy are critical given the molecular heterogeneity of cancer 
n^vable mat only a small proportion of many tumo* or 
pren^tic lesions may contain activated ras genes. In add - 
noTLnostic specimens, such as bodily secretions or fluids. 

aTexSely Sminated with T^^J^SZ 
tion would require additional sensitivity in a test to detect the 

fiSsmve^sults with activated ras *^ 
been a problem {2.4 ft. A**elests become inc^asmgly sensr- 
rfTe mvolving more cycles of PCR amplification andjnricfc 
SESiS. polibility of artifecmal — ^ 
more likely. Since Taq polymerase^ ™™J"Z 
bases Tao-induced rrttitaticniS are a concern (75>«Most rove* 
^Tgreat care * optimize PCR 
Taq polymerase error rate (i<J). In 

^uThas a number of specific controls, Fn"""*"* 

^verification^ 

The second problem in the development rf >M« 
ing/detection assays is our lack of understanding of the pn*.se 
ST of the gene or marker of interest in the d^elopment of can- 
« Critical to the use of a molecular marker for the 
SSon of cancer is its frequency of occurrence vntonte 
Znor versus other disease states. A gene mutation that is mely 
r^etit in a tumor would not be an effective target for a sensi- 
STdetection assay, while a genetic lesion frequendy present in 
non-tumor disease states would produce * a ^f '^f ^ 
had low specificity. For lung cancer, ras mutations have been 
detected iTapproximately 17% of tumors (24% of adenocar- 
Lmas) by KIR-ASO-H (17) f}.J ™ 

( 4M of adenocarcinomas) by ^^//^.^ 
results are confirmed by the present study in which 16 (31%) of 
S lung cancer cases were found to have activated ras genes 
With this kind of frequency of occurrence, it is dear that a 
detection assay for lung cancer based on mutated ras genes w. 
have limitations in sensitivity. It should be noted 
highly specific but insensitive assays can be linked, producing £ 
test tokens for a battery of markers usually resulting m an 
improvement * overall sensitivity. Thus, if spectfic detecuon 
tests for other genetic lesions identified in lung cancer, such as 
p53 mutations (IS) or 3p deletions (19), could be develop and 
Combined with the assay used by Mills et al, the result would 
likely be an assay with an increased sensitivity to diwq 
lung cancer. In fact, this technology could be combined with 
other non-molecular detection assays for lung cancer such as 
Le that employ monoclonal antibodies (20) in an attempt to 
optimize sensitivity and specificity. 

Critical to the development of molecular detection assays ul- 
timately is their clinical utility. One such application might be as 
a diagnostic adjunct that could be used to simplify diagnostic al- 
gorithms, morbidity, and/or cost. Present detection assays for 
activated ras genes in lung cancer appear to be close to formal 
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testing for this purpose. For instance, the diagnosis of lung can- 
cer may be made in the appropriate clinical setting (strong clini- 
cal suspicion of lung cancer) by PCR-PIREMA identification of 
K-ras in bronchoalveolar lavage fluid alone without requiring 
further invasive tests, such as thin-needle aspirations, trans- 
bronchial biopsy, or thoracotomy (unless otherwise clinically in- 
dicated for staging or treatment). Of course, it would still 
involve the invasive procedure of bronchoaveolar lavage, but 
this procedure results in a considerably lower morbidity than the 
other procedures listed. In addition, it is conceivable that even 
this procedure might be eliminated if the ras detection assay 
could be effectively applied to sputum, as has been suggested al- 
ready (6). 

A more important abdication is the use of these assays to 
reduce lung cancer morbidity and mortality through early detec- 
tion. Lung cancer is frequendy advanced at diagnosis and is 
rarely curable at such a stage (21). Therefore, any approach that 
would allow for the early detection of this disease at a stage in 
which it might be surgically curable could have important clini- 
cal consequences. Unfortunately, multiple attempts to establish 
an effective lung cancer-screening assay using the modalities of 
chest x-ray and/or sputum cytology has thus far failed (22). 
Therefore, there is considerable interest in applying the above- 
discussed technology to this problem. Unfortunately, this is a 
much more demanding application for molecular assays and, at 
present, more development and testing are certainly required to 
ascertain if this application will be possible. For instance, m the 
article by MHls et al. (2), we are not told the precise stage of the 
patients' tumors, only that all of these patients had clear 
radiographic evidence of cancer. This suggests that these 
patients did not have early (and therefore curable) disease. 
Therefore, the results should be interpreted as strongly suppor- 
tive of a detection assay for lung cancer but not necessarily for 
the early detection of this disease. To be an effective early 
detection assay, it would have to identify the presence of malig- 
nancy well before it becomes currically evident (radiographical- 
ly or otherwise). This situation requires that the target marker be 
present during early tumor development. For oncogene muta- 
tions, this implies an early mutational event such as a tumor in- 
itiation event Unfortunately, for carcinogen-driven tumors such 
as lung cancer, these events may all too frequendy be an occur- 
rence within the affected field (field cancerization) (2324). 
Thus assays that are sensitive enough to detect all initiation 
events in a given target gene may lead to detection assays that 
are relatively nonspecific. It may be necessary to tailor the sen- 
sitivity of the assay or to select a specific markers) to identify a 
clone of cells that would be more predictive of the development 
of cancer For lung cancer, these markers are not yet known. 
Mutations of p53 and deletions of 3 P have been identified in 
preneoplastic lesions of the lung but whether they occur only m 
cells destined for progression to malignancy remains unknown 
(2425). From this angle, ras mutations may actually turn out to 
be a good marker for lung cancer, as there is evidence that they 
do not occur in preneoplastic lesions but do occur in carcinoma 
in situ and early invasive cancers (2627). Thus, one would be 
identifying a relatively early clone of cells that will later 
produce a lung malignancy. Obviously, substantial work will be 
required to identify the correct molecular markers) and assay(s) 
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that ^1 yield a sensitive and specific molecular-screening assay 
^tTng cancer. Ultimately, this process wil require careful 
ZtoL by prospective screening trials invoking ; patten** 
Wghk for lung cancer with lung cancer morb.d.ty and mor- 

^SSSS^ -e clearly witnessing a revolution in our' 
JiSS* the causes of and molecular mechamsms in, 
unaersranomg w ^ cUnica | imp cations of this 

volved in cancer development, l ne ciuuua v . . 

revolution are just now presenting themselves. With conunued 
SenScTof the specific molecular events occurring dunng 
££££ of Shelial cancers, such * Jung 
witi. flic fS«r development of molecular technology, accurate 
spring assays for a wide range of epithelial cancers will un- 
doubtedly become available. 
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A New Brochure to INCREASE 

PATIENT AWARENESS OF 
THE IMPORTANCE OF 
TREATING CANCER 

PAIN 



Patients have a right to pain control. 
Patients have a role in 
communicating their pain. 
Patients should talk to their doctors 
or nurses as soon as pain begins. 

Patients should not let fears 

keep them in pain. 

Get Relief From Cancer Pain is written at a 5ih 
grade reading level and is available through the 
National Cancer Institute'* Cancer Information 
Service at l-800-^-CANCER or the American 
Cancer Society at 1-80O-AC5-23H5. 
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Detection of K-ras Oncogene Mutations in 
Bronchoalveolar Lavage Fluid for Lung 
Cancer Diagnosis 

mricy E. MUls, Charles L. Fishman, John Scholes. 
Sibyl E. Anderson, William N. Rom, Daniel R. Jacobson* 



Background: Lung cancer is the leading cause of cancer 
deaths in the United States. A long-standing goal of cancer 
researchers has been to develop tests that would facilitate 
earlier diagnosis and treatment of lung cancer and thereby 
decrease mortality from this disease. Because cancer results 
from the accumulation of a variety of genetic events (e.g* 
mutations, rearrangements, and deletions) in genes control- 
ling cell growth and differentiation, these changes might 
serve as diagnostically useful molecular markers. Activation 
of the K-ras oncogene by point mutations in codon 12, which 
occurs in many cases of lung adenocarcinoma, may serve as 
one such clinically useful molecular marker. For detection of 
K-ras point mutations in bronchoalveolar lavage fluid, m 
which small numbers of malignant cells are mixed with a 
population of predominantly genetically normal cells, the 
sensitivity of commonly used assays for ras mutations risks 
false-negative results. Purpose; By applying a highly sensi- 
tive assay, we investigated whether detection of K-ras codon 
12 mutations in samples of bronchoalveolar lavage fluid 
could be clinically useful in diagnosing lung cancer. 
Methods: We developed a highly sensitive assay for detecting 
K-ras codon 12 mutations based on an enriched polymerase 
chain reaction (PCR) technique. This technique was applied 
to 87 specimens of bronchoalveolar lavage fluid specimens 
that were obtained from 86 patients, and associated tumor 
biopsy specimens obtained from 35 of these patients who un- 
derwent diagnostic bronchoscopy for clinically suspected 
lung cancer. Lavage fluid specimens were also obtained 
from nine patients undergoing nondiagnostic bronchoscopy. 
Statistical comparisons were performed by using the two- 
tailed Fisher's exact test Results: Of 52 patients with con- 
firmed lung cancer, samples of bronchoalveolar lavage fluid 
from 16 patients contained K-ras codpn 12 mutations, in- 
cluding 14 (56%) of 25 patients with lung adenocarcinomas, 
one (33%) of three with bronchoalveolar carcinomas, one 
(20%) of five with large-cell carcinomas, and none of the 14 
with squamous cell carcinomas. Mutations were detected in 
four additional cases in which cancer was suspected but had 



not been histologically confirmed. Tissue samples from 35 of 
the patients all yielded the identical K-ras codon 12 genotype 
found in the corresponding samples of bronchoalveolar 
lavage fluid. No mutation was found in any sample from 30 
patients with diagnoses other than non-small-cell lung can- 
cer. Thus, for those cases in which tissue was available and 
tested, the sensitivity and specificity of detecting K-ras 
mutations in bronchoalveolar lavage fluid for diagnosing K- 
ras mutation-positive lung cancer were both 100%, For nine 
patients, K-ras mutations were detected in bronchoalveolar 
lavage fluid obtained during otherwise nondiagnostic 
bronchoscopies. Conclusions: Our data demonstrate that 
sensitive detection of K-ras codon 12 mutations can serve as 
an important adjunct to cytology in the diagnosis of lung 
cancer. Implications: Detection of these mutations could lead 
to earlier cancer diagnosis and less need for invasive diag- 
nostic procedures, [J Natl Cancer Inst 87:1056-1060, 1095] 

Lung cancer is the leading cause of cancer deaths in the 
United States (2). A long-standing goal of cancer researchers 
has been to develop tests that would facilitate earlier diagnosis 
and treatment of lung cancer and thereby decrease the mortality 
from this disease (2). Because cancer results from the accumula- 
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don of a variety of genetic events (e.g., mutations, rearrange- 
ments, and deletions) in genes controlling cell growth and dif- 
ferentiation, these changes could serve as diagnostically useful 
molecular markers, leading to earlier treatment and potentially 
improving the outcome of patients with lung cancer (3,4). 

Patients being evaluated few suspected lung cancer often un- 
dergo fiberoptic bronchoscope biopsy to obtain a tissue diag- 
nosis. During bronchoscopy, bronchoalveolar lavage with saline 
injected through the bronchoscope is also performed. When, be- 
cause of its location, a lesion is inaccessible to bronchoscope 
biopsy, or the biopsy obtained is nondiagnostic, a diagnosis of 
cancer is occasionally made by cytologic examination of the 
bronchoalveolar lavage fluid, but this is much less sensitive than 
biopsy for diagnosis (5). Body fluids sometimes contain cells or 
cell debris bearing the same oncogene mutations characterizing 
their related tumors, as has been shown for ras mutations in 
stool from patients with colorectal tumors (<5) and for p53 (also 
known as TP53) mutations in urine from patients with bladder 
cancer (7). Similarly, mutations associated with lung cancer 
might be detectable in bronchoalveolar lavage fluid, thus pro- 
viding clinically useful lung cancer markers and improving the 
diagnostic yield of bronchoscopy. 

One such potential biomarker is the K-ras oncogene. The 
three ras genes (N-ras, K-ras, and H-ras) encode signal-trans- 
duction proteins. Point mutations (nearly always in codons 12, 
13, and 61) confer transforming properties on the ras genes by 
yielding proteins with constitutive activation that generate con- 
tinuous signals to proliferate (#). In the largest study (9) of ras 
mutations in human lung cancer, K-ras mutations in codon 12 
predominated, and they were found in 45 (17%) of 258 non- 
small-cell lung cancer (NSCLC) samples obtained at surgical 
resection, primarily in adenocarcinomas (43 [24%] of 181 
samples), hi addition, patients whose tumors had ras mutations 
had a significantly poorer outcome than patients with tumors of 
the same stage but without ras mutations. We have recently 
demonstrated mat the prevalence of ras mutation originally 
reported in 24% of patients with lung adenocarcinomas was an 
underestimate and that the true prevalence in these patients was 
about 50% (10). 

Cancer cells in bronchoalveolar lavage fluid are always 
mixed with large numbers of genetically normal, nucleated 
cells, including alveolar macrophages, white blood cells, and 
normal bronchial epithelial cells (12). Moreover, in any given 
tumor, only a fraction of the malignant cells may contain a ras 
mutation, as in acute myelogenous leukemia (72-/5); thus, 
detection of ras mutations in bronchoalveolar lavage fluid re- 
quires a sensitive assay. In most recent studies, assays for ras 
mutations have utilized the polymerase chain reaction (PCR) to 
amplify ras exon 1 (containing codons 12 and 13) and exon 2 
(containing codon 61), followed by allele-specific oligo- 
nucleotide hybridization. This method requires that, to be detec- 
table, a ras mutation must be present in at least 10% of the 
background ras alleles (76-75). In studies of clinical specimens, 
such as bronchoalveolar lavage fluid, in which small numbers of 
mutation-containing tumor cells are mixed with larger numbers 
of genetically normal ceils, the insensitivity of PCR/aUele- 
specific oligonucleotide hybridization risks false-negative 
results. 



We have developed a more sensitive assay for ras imitations 
in our laboratory, whi* we ^ chain 
reactioiHiriinerriiu^ enrichment for mu- 

tant alleles** (PCR-F1REMA) (ffl'jsi, Using this assay, we in- 
vestigated whether detection of K-ras codon 12 mutations in 
samples obtained at bronchoscopy, particularly bronchoalveolar 
lavage fluid, could be clinically useful in diagnosing lung cancer. 

Materials and Methods 

DNA was isolated from bronchoalveolar lavage fluid samples obtained 
during 87 clinically indicated (as determined by the patient's primary physi- 
cians), bronchoscope procedures performed on 86 patients with radiographicatty 
suspected lung cancer (and also from nine patients undergoing nondiagnostic 
bronchoscopy) at the Hew York University Medical Center. Lavage was per- 
formed after wedging of the bronchoscope in an airway adjacent to the 
radiographicatty defined lesion under fluoroscopic guidance. By the procedure, 
100 mL of normal saline was introduced in 20-mL aliquots and was recovered 
after 15 seconds, with a 60-mL recovery volume. For cytologic examination, the 
bronchoalveolar lavage fluid was preserved in 50% ethanol and centrifuged, and 
the pellet was fixed on a glass slide. For the ras assay, samples of the bronchoal- 
veolar lavage fluid were processed according to standard protocols developed 
for purification of DNA: incubation in buffer containing proteinase K and deter- 
gents, followed by organic extraction {19). 

Parafruvembedded samples of biopsy and resection tissues from these 
patients were obtained when available, and they were deparaffintxed (20) prior 
to DNA isolation as described earlier. All DNA samples were desalted and con* 
ccntrated to 5-10 pL in Microcon or Centricon 100 concentrators (Arnicon Inc., 
Beverly, MA) twice prior to PCR. 

IneiCT-^'IREMA assay for mmatwos codon 12 was performed as 

c^odon 12 or 61 per ttf ronnal alie^ m the 

jraeMftec^&e assay detects muiam aUete present 
Briefly. PCR around K-ras codon 12 was performed by using a mismatched 
primer that introduced a fist NI restriction site into PCR products derived from 
normal, but not mutant, alleles* ftsfNl digestion of die PCR products left only 
PCR products derived from mutant alleles intact C*eiiricbmenO, after which fur- 
ther PCR selectively amplified the mutant PCR products (analyzed by JJsrNl 
digestion and gel electrophoresis; "enrichment screening"). Addttknal PGR was 
perforated on the enriched product* by using a panel of other mismatched 
primers, which introduced new restriction sites ^br various enzymes, dependent 
on die specific mutation present m n\e crigmal sample, these PCR products 
were then digested with the ap pro priate enzymes, elcctroftocscd on agarose 
gels, and stained with ethidmm bromide (>erificaikn*V Digested bands seen on 
verification identified muwtiompresem to 

AH samples were subjected to the entire PC^-PIREMA process at teast 
twice; Extensive measures were taken to prevent cros^ebntamin^ 
(/5).Mnmpleiyxinal control samp 

me FXR reaca^ results have 

been previously shown to agree with results obtamed by 
olig onu cl eo tid e hybridization and DNA sequencing but at an increased sen- 
sitivity (/J). 

All P values were calculated from two-tailed tests of statistical significance 
(Fisher's exact test). These investigations were approved by me New York Univer- 
sity Medical Center Institutional Review Board in accord with an assurance filed 
with and approved by the US. Department of Health and Human Services. 

Results 

K-ras codon 12 mutations were found in samples of broncho- 
alveolar lavage fluid from 20 patients: 14 (56%) of 25 patients 
with lung adenocarcinoma, one (33%) of three patients with 
bronchoalveolar carcinoma, one (20%) of five patients with 
large-cell carcinoma, and four patients with pulmonary lesions 
highly suspicious for cancer both radiographically and clinical- 
ly, but who remain undiagnosed (Table 1; Fig. 1). Nineteen of 
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Table L Frequency of K-ras codon 12 mutations in samples of bronchoalvcolar 

lavage fluid by diagnosis* 



Diagnosis 



Adenocarcinoma 

Bronchoalvcolar carcinoma 

Large-cell carcinoma 

Squamous cell carcinoma 

NSCLC (unable to specify) 

AH confirmed lung cancer histologies 

Cancer diagnosis suspected but not 

proven histologically 
Diagnosis other than NSCLCf 
Total No. of diagnoses 



No. of patients 


Mutant (%) 


25 


14(56) 


3 


1(33) 


5 


1(20) 


14 


0(0) 


5 


0(0) 


52 


16(31) 


4 


4 


30 


0(0) 


86 


20 



•Numbers and percentages refer to numbers of patients, not numbers of 
btonchalveotar J«W fluids. One patient CT«Me 2. patient 3) had two tovage 
Saunples analyzed, each of which was positive; this pattern is counted only 

patients with diagnoses other than NSCLC had the following 
Jhotogic diagnoses: pneumonitis (nine patients), nonspecific mtonmaaon 
Sa,,)^ pathologic diagnosis (five patients), itrflarnmattry atypmCfour 
p^ttTr^astanc sarcoma (one patient). Kaposi's sarcoma (one patient), and 

sarcoidosis (one patient). 

the 21 samples of mutation-positive bronchoalveolar lavage 
fluids (including two samples from one patient) were cytologi- 
cally negative for malignancy. No mutation was found in 14 
samples of bronchoalveolar lavage fluid from patients with 
squamous cell carcinoma. Moreover, no mutation was found m 
any sample from 30 patients with diagnoses other than NSCLC 
(Table 1). For the 20 patients with lavage fluid positive for K- 
ras codon 12 mutations, the predominant mutations were the 
same as those that have been predominant in other reports 
(92122) of K-ras codon 12 mutations in lung cancer TGT 
(seven patients), GAT (six patients), and GTT (five patients). 
Two patients were found to have less common mutations: CGT 
(one patent) and AGT (one patient). Among the 52 patients 
with confirmed lung cancer, the percentage of mutation-positive 
samples was significantty higher for patients with adenocar- 
cinoma than for patients with either squamous cell carcinoma 
(Fisher's exact test; P = .00035) or all other histologies com- 
bined (Fisher's exact test; P « .0002), confirming previous 
observations that ras mutations are most common in adeno- 
carcinoma. 

Paraffinized tissue samples were available from 16 of the 20 
patients with mutation-positive, bronchoalveolar lavage fluid 
(bronchoscopic biopsy specimens in 12 patients, resected tumor 
specimens in two patients, both a transthoracic needle aspiration 
and a resected sample in one patient, and both a transbronchial 
biopsy specimen and autopsy tissue in one patient). In all cases, 
die corresponding tissue and bronchoalveolar lavage fluid con- 
tained the identical ras mutation. Tissue samples were available 
for analysis from 19 of the 36 patients with confirmed lung can- 
cer but normal bronchoalveolar lavage fluid ras genotypes, and 
none contained a K-ras codon 12 mutation. Thus, although not 
all tumors could be tested, for those cases in which tissue was 
available and tested, the sensitivity and specificity of ras muta- 
tion detection in bronchoalveolar lavage fluid for diagnosing ras 
mutation-positive lung cancer were both 100%. 

Ten samples of bronchoalveolar lavage fluid that contained 
ras mutations were obtained (from nine patients) during entirely 
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192- 
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F1g>l. Analysis of bronchoalveolar lavage fluids and associated tissue for K-ras 
codon 12 mutations by PCR-PIREMA. A) Enriched screening (SaNI digestion), 
where a digestion-resistant band indicate* that a mutation is present but does not 
identify the specific mutation. Lane 1 = size marker (upper band) and undigested 
PCR product of 192 base pair (bp) (lower band). Lanes 2 and 7 - broncttoal- 
veolar lavage fluid and autopsy tissue, respectively, from patient 3 (Table 2), 
each revealing a mutation (digestion-resistant PCR product of 192 bp) as well as 
the normal allele (163 bp). Enriched screening of DNA isolated from bronchoal- 
veolar lavage fluid obtained at this patient's second bronchoscopy also revealed 
a mutation, as did DNA isolated from her second transbronchial biopsy (which 
was histologically nondiagnostic), and all four samples verified to the mutant 
codon GTT, as in panel B, lane 3. Lane 5 « bronchoalveolar lavage fluid from 
another patient, demonstrating a mutation. Lanes 3, 4, and 6 = bronchoalveolar 
lavage fluid samples revealing a normal pattern (complete digestion). Lane 8 - 
normal controL B) and C) Verification, where a digested band indicates the 
specific mutation present B) Verification for GTT mutation by Bsr I digestion 
and for TGT mutation by Ma III digestion. Lane I: size marker. Lanes 2-4 and 
6-8 * bronchoalveolar lavage fluid samples digested with Bsr I and Nla HI, 
respectively. Lanes 5 and 9 - normal control digested with Bsr I and Nla m, 
respectively. The 1 12-bp band in lane 3 indicates a GTT munition, and the 157- 
bp band in lane 8 indicates a TGT mutation. The bands denoting the normal-se- 
quence PGR product in the for I digests (136 bp) are smaller than the bands 
denoting the rnxmal-sequence PCR product in the Nta III digests (190 bp) be- 
cause of an tnvariate Bsr I site elsewhere in the PCR product C) Verification for 
AGT mutation by Bfa 1 digestion (left panel) and for GAT mutation by BspYU 
digestion (right panel). Left panel, lane I ~ size marker. Lanes 2 and 3: Bfa I 
digest of a bronchoalveolar lavage fluid sample and normal control, respectively. 
The 163-bp band in lane 2 indicates an AGT mutation. Right panel, lane 1: size 
marker Lanes 2 and 3 » bronchoalveolar lavage fluid samples digested with 
BspHL Lane 4 = normal connoL The 163-bp band in lanes 2 and 3 indicates 
GAT mutations. 
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nondiagnostic bronchoscope procedures, i.e., transbronchial 
biopsy, brushings, and lavage, which did not yield a histologic 
cancer diagnosis (Table 2). In five patients (Table 2, patients 1- 
5), the diagnosis of lung cancer was made after further invasive 
diagnostic procedures. Cancer was not diagnosed in one in- 
dividual (patient 3) until after death; samples of bronchoalveolar 
lavage fluid obtained both 1 year and 6 months prior to the 
patient's death contained the same mutation, and a nondiagnos- 
tic transbronchial biopsy specimen obtained at the second 
bronchoscopy was also positive for this mutation, as was tumor 
tissue obtained at autopsy (Fig- 1, A). 

Four of the patients with ras mutation-positive bronchoal- 
veolar lavage fluid obtained at completely nondiagnostic bron- 
choscopy (Table 2, patients 6-9) still lack a histologic cancer 
diagnosis despite strong clinical and radiographic suspicion of 
lung cancer. Patient 9 had a large mass in the left lower lobe of 
the lung and died before histologic diagnosis could be obtained 
(no postmortem examination was performed). Patient 6 had a 
large mass in the right lower lobe with mediastinal adenopathy, 
but mis individual had multiple medical problems and refused 
further diagnostic intervention. Patient 7 had a resected lung 
adenocarcinoma 2 years previously and presented with a hilar 
mass, and both bronchoscopy and transthoracic needle aspira- 
tion were nondiagnostic Patient 8 had a right upper lobe coin 
lesion that was unresponsive to antj tuberculous therapy. Further 
evaluation was needed to determine these patients* histologic 
diagnoses. 

Discussion 

Our data demonstrate mat the ras mutation is a clinically use- 
ful biomarker for lung cancer and that sensitive ras mutation 
detection can serve as an important adjunct to bronchoscopy 
with bronchoalveolar lavage in the diagnosis of lung cancer. To 
our knowledge, this is the first report of oncogene detection in 
bronchoalveolar lavage fluid. We have detected ras mutations in 
21 samples of bronchoalveolar lavage fluid from patients with 
proven or suspected lung cancer 19 of these samples were cyto- 
logically negative. In nine patients, the bronchoalveolar lavage 
fluid cytology and corresponding bronchoscopic biopsy and 
brushings all failed to yield a histologic cancer diagnosis. Fur- 
thermore, no ras mutation was seen in any patient with a diag- 
nosis other than NSCLC, confinning both the specificity of this 



test for malignancy and its utility as a marker for lung cancer. 
For some patients, such as patients 1-5 shown in Table 2, the 
clinical use of this assay would have meant earlier lung cancer 
diagnosis and avoidance of additional invasive diagnostic proce- 
dures. For patient 3, who was not diagnosed with lung cancer 
until after death, mis assay could have provided a diagnosis 
during the patient's lifetime and offered the possibility of ap- 
propriate therapy- 
Patients 6-9 (Table 2), with ras mutation-positive samples of 
bronchoalveolar lavage fluid obtained at completely nondiag- 
nostic bronchoscopy, still lack a histologic cancer diagnosis de- 
spite strong clinical and radiographic suspicion of lung cancer. 
For at least one individual (patient 9), histologic proof of cancer 
will never be obtained. For patients 6 and 7, a histologic cancer 
diagnosis is still being pursued. If these patients are eventually 
diagnosed with lung cancer, as is predicted both clinically and 
by their ras mutation status, then the use of mis assay might 
have been of value in achieving earlier lung cancer diagnosis for 
them. At present, we do not know for certain that a ras muta- 
tion-positive sample of bronchoalveolar lavage fluid indicates 
mat a patient definitely has lung cancer, though we believe that 
this is likely to be the case. At the least, we suggest that the find- 
ing of a mutation in samples of bronchoalveolar lavage fluid in- 
dicates that an aggressive effort to obtain a histologic diagnosis 
should be pursued. 

Previously, the use of mutant ras genes as a molecular marker 
for lung cancer has been limited by both the relatively low fre- 
quency with which such mutations have been reported to occur 
and by the fact that methods of mutation detection have been up 
to this point relatively insensitive or cumbersome. The preva- 
lence of 56% ras mutation positivity in this study in both 
bronchoalveolar lavage fluid and tissue from patients with lung 
adenocarcinoma (the subtype most frequently associated with 
ras mutations) is more than twice that which has been reported 
in several large studies (9 J 6 ,22 2S) of ras activation in lung 
cancer. We have recently found that the prevalence of ras muta- 
tions in resected lung cancer samples is greater when analyzed 
by PCR-PIREMA (about 50%) than when the same samples are 
analyzed by PCR/allele-specific oligonucleotide hybridization 
(/0). Thus, the use of a more sensitive assay results in a higher 
estimation of ras mutation frequency in lung cancer. The clinical 
utility of ras as a biomarker for lung cancer bas also been sug- 
gested by investigators (24) who found a prevalence of ras 



Table 2. K-ras codon 12 mutations in samples of bronchoalveolar lavage fluid obtained at nondiagnostic bronchoscopy 



Patient No.* 


Mutant codon 


Diagnosis 


Procedure yielding diagnosis 


Tissue with mutation 


1 


TGT 


Large-cell carcinoma 


Transthoracic needle aspiration 


Transbronchial biopsy 


2 


GTT 


Adenocarcinoma 


Transthoracic needle aspiration 


Transthoracic needle aspiration resection 


3a 


GTT 


Bronchoalveolar carcinoma 


Autopsy 


Autopsy and second endobronchial biopsy 


3b 


GTT 






4 


TGT 


Adenocarcinoma 


Resection 


Resection 


5 


GAT 


Adenocarcinoma 


Biopsy of adrenal metastasis 


Endobronchial biopsy 


6 


GAT 


Pending 


None 


Endobronchial biopsy 


7 


CGT 


Pending 


None 


No biopsy 


8 


TGT 


Pending 


None 


Not available 


9 


TGT 


Died without tissue diagnosis 


None 


No biopsy 



'Sample* 3a and 3b were derived from two bronchoscopies done 6 months apart on the same patient. The histologic diagnosis is undetermined for patients 6-9, but 
lung cancer is suspected clinically. No biopsy was done on patients 7 and 9; no remaining pathologic tissue is available from patient 8. 
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mutations comparable with that reported in the present study in 
stored sputum samples from a small group of patients later diag- 
nosed with lung adenocarcinoma. Although sensitive, the assay 
used in that study is labor-intensive, necessitating cloning of 
sputum DNA followed by radioactive allele-speciflc oligonucle- 
otide hybridization. In contrast, the PCR-PIREMA assay can be 
easily applied on a large scale, so it has potential use in the clin- 
ical arena, as demonstrated here. 

Because many lung cancers do not harbor K-ras codon 12 
mutations, testing bronchoalveolar lavage fluid for this mutation 
is not of use in all cases. Since clonal ras mutations are thought 
to be highly specific for the diagnosis of cancer, however, they 
offer benefit as a diagnostic tool in cases where they are posi- 
tive. Furthermore, as our assay detects K-ras codon 12 muta- 
tions in about 50% of lung adenocarcinoma cases, this test 
should be useful in more patients man would have been ex- 
pected on the basis of several previous reports (9J62223) of 
ras mutation frequency in lung cancer. K-ras codon 12 may turn 
out to be only one of several molecular genetic tumor markers 
that will be useful for lung cancer diagnosis; other potentially 
useful markers include mutations in other K-ras codons (22) and 
in p53 (25). Sensitive assays for detection of molecular tumor 
markers offer a potentially powerful diagnostic tool for lung 
cancer. 
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